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FOREWORD 


With this volume of the AIME Transactions, No. 183, publication in the present 
size ceases. Hereafter, all volumes will be 814 by 1114 inches, as bound, and will 
consist of the Transactions sections of the respective Branch journals for the pre- 
ceding year. The date appearing on the volume will be that of first publication of the 
material, rather than the date the volume was scheduled for publication, as in the 
past. 

Heretofore, Transactions volumes have been issued as the material in one 
particular field accumulates—in this case the field of mineral beneficiation. Here- 
after, all of the material in the field of one of the three Branches of the Institute will 
be bound together. This means, in the case of mineral beneficiation, that all papers 
on geophysics, geology, metal and coal mining and beneficiation, fuel technology, 
and the nonmetallic minerals will be grouped in one volume. 

Methods of concentrating ores have been improved considerably since the last 
volume on this subject was issued in 1946—the Richards Memorial volume on mill- 
ing and concentration, No. 169. Sink-float separation is the newest of the concentra- 
tion processes to be applied on a wide scale, though the principle is old, and the 
present volume contains three papers on this subject. Electrostatic separation has 
been utilized for certain special purposes for many years, but the literature on the 
subject is comparatively scanty. The two papers on the subject in this volume show 
some interesting applications of this process. 

Though flotation has dominated the field among concentration processes for the 
better part of the last half century, reports of progress in this art continue to be 
more numerous than those on any other phase of concentration, and ten papers on 
this subject may be found in this volume. Crushing and grinding likewise afford a 
never-ending field for experimentation, for the subject seems to defy standardiza- 
tion. What holds true for one ore may well not be applicable to another even in a 
neighboring mine. But still, one can learn much from experience, and five groups of 
authors have something to say on comminution in this volume. 

No volume of this subject would be complete without a few flowsheets of con- 
centrating plants, with accompanying descriptions of the equipment used, for 
development of some new synthetic material may mean a radical change in a con- 
veying system, a new alloy may enable an obsolete type of crusher again to be 
popular, and electronic controls at the proper places may add greatly to the smooth 
running and efficiency of a mill. 

So here, for the thoughtful reader, is a wealth of information on the latest prac- 
tice in ore concentration. May he who gains from perusing these pages be impelled, 
in turn, to tell others of what he himself has learned about how the ballsroll around 


and the froth bubbles over. 
E. H. Rosre, Secretary 


New York, N. Y. 
September 21, 1949 
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Symposium on Milling Devices and Practices 


By J. F. Mvers* ann R. J. Towrr,* Mrmpers AIME 
(New York Meeting, March 1947) 


“THERE is nothing new under the 
sun.” All over the world, mineral-dressing 
engineers are working at their problems, 
no two of which are alike. Each encounters 

_ equipment and process problems. Many 

- devise simple ways and means of over- 

~ coming their difficulties. Many of these 

problems are quite common in the in- 
dustry, yet, since no one human being 

seems capable of thinking of everything, 

these problems at some plants often 
are looked upon as necessary evils. 

The purpose of this symposium is to 
gather together, from competent engineers, 
devices and practices that have been 
useful to them. Most of the ideas con- 
tributed are not new, yet there is no 
plant operator, old timer or youngster, 
who will not find some idea herein that 
will give him a suggestion for improving 
his operation. 

Space does not permit a complete 

z elaboration on all of the contributions 

offered. Each item is summarized, but 
this will be ample for those skilled in the 

art of mineral dressing. 

A list of contributors appears at the 
end of the paper, and the superior number 

at the end of each item identifies its source. 


GENERAL EQUIPMENT 


A signal light to show that a steel bin, 
containing relatively fine, moist ore, is 


Manuscript received at the office of the 
‘Institute Dec. 2, 1946. Issued as TP 2162 in 
 MrninG TECHNOLOGY, May 1947. 

* Mill Superintendent and Assistant Chief 
Engineer, respectively, Tennessee Copper Co; 
Copperhill, Tennessee. 
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full, can be made by suspending a copper 
rod in the bin to a sufficient depth to 
ensure ample contact with the ore. One 
wire of a 32-volt circuit should be attached 
to the rod and one to the side of the bin. 
Sufficient current will flow to make the 
signal light burn. A 11o-volt circuit could 
be used, but 32 volts ensures safety.1° 

Fig 1 shows a circular bin for crushed 


ore. It is a concrete structure footed 
on the ground, using no supporting 
columns. Tailing from the sink-float 


was used for aggregate. Cross conveyors for 
discharging ore are not required, nor is a 
tripper for filling. Segregation is minimized 
by drawing from different gates. An 
exhaust fan on top of the bin eliminates 
condensation due to temperature of the 
Ores 

A beam with an adjustable point of 
suspension near the center permits rigging 
rolls for removal in a very few minutes. 
This makes unnecessary the lacing of the 
cable through the hub bolts on one side, 
around the shaft on the other, and the 
trouble of balancing the load.® . 

The ratchet handle on a Symons 
crusher may be replaced by a drum with 
a cable wound on it. When the cable is 
pulled by .a crane or hoist it causes the 
drum to revolve and thus screws or 
unscrews the bowl. This reduces handwork 
and materially shortens the time required 
for the job. 

To spread ore feed from an apron 
feeder over a belt conveyor, place a heavy 
steel bar about midway between the top 
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_and bottom of the ore ribbon being dis- 
charged from the feeder. This nullifies 
the breaking off of the feeder load and 
eliminates surges. 


Inclined conveyors handling coarse rock, 
fed with a step-bottom chute with V-bot- 
tom to put the load in the center of the 
belt, must have tight fitting skirts. Other- 
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Fic 2—AUTOMATIC CUTOFF FOR BELT SPRAY. 


wise large pieces may roll back under 
the chute at the center of the V and jam 


- Fig 2 shows an automatic means of 
cutting off sprays on a conveyor belt 


* 


a when the belt is not loaded. This prevents 
_ formation of pools of water around the 
etal pulley of inclined belts.?° 

5 A good way to clean a belt handling 

’ sticky ore is to place a water spray followed 

. by a spring, or weighted wiper of solid 

rubber, on the return side of the conveyor 

between the head and snubber pulleys.’ 

A 14-in. wedge placed under the rear 

foot of troughing idlers, to tilt them in the 

direction of travel, will improve align- 

_ ment of conveyor belts.} 


between the chute and the edges of the 
belt, where there is less clearance.* 

A very small amount of commercial 
castor oil added to the inner side of a 
conveyor belt gradually builds up an ideal 
traction surface. It prevents the belt 
from slipping and prolongs its life. If 
any part of the carcass is exposed, the 
oil penetrates the fabric and aids in 
preserving it. Too much oil will cause the 
belt to slip, and it must not be used on a 
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stalled belt nor on one that is already 
slipping.!° 

To absorb shock and prevent damage 
to a conveyor belt caused by large pieces 
of ore falling on it, place under the frame 


becomes diked, the weight of material 
against the hinged gate causes it to open 
and trip mercoid switch at B, which stops 
the conveyor. By interlocking conveyors, 
feeders, crushers, and other machinery 


SWE (NE 


Fic 3—DEVICE TO STOP CONVEYOR IF CHUTE DIKES. 


a pneumatic cushion 114 in. thick and the 
length and width of the carrier frame. 
Inflate cushion to suitable pressure. Provide 
vertical guides for carrier frame, and 
anchor it against belt drag with flexible 
arms.5 

Another means of preventing injury 
to a conveyor belt is to place a grizzly 
in the transfer chute, so that the fines 
reach the belt first and form a protective 
covering for it. If the ore is too sticky 
to pass the grizzly, hang a chain curtain 
in the chute, to reduce the velocity of 
falling chunks.! 
’ To eliminate expensive clean-up and 
damage to conveyor belts caused by 
diked or plugged transfer chutes, the dust 
hood of the chute can be equipped with a 
hinged gate A as in Fig 3. When the chute 


feeding the conveyor, all the system 
involved will be stopped automatically.!® 
Durable liners for ball mills can be made 
by welding 14 in. by 3}4-in. steel bars, 
set on edge about 114 in. apart, to a 3¢-in. 
plate the size of the liner. The space 
between the bars will fill up with ball 
fragments, to take the wear. Size and 
spacing of bars depend on size of balls used.? 
To maintain grinding capacity, which 
is reduced when new liners are installed 
in a grinding mill, because of the reduction 
in diameter and peripheral speed, a larger 
motor pulley may be used on a belt-driven 
mill. Changing the pulley is facilitated 
by using a demountable rim type with a 
permanent hub. Motor take-up must be 


provided to accommodate change in ~ 


pulley centers.’ 
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A,;drop-bottom bucket can be used to 
charge a mill. The bucket is handled by an 
overhead, crane and is so arranged that 
the bottom opens when the bucket is 
set down on the mill door.’ 


solid areas. Sprays are placed below 
the screen-cloth sections, and water is 
played on the screens momentarily’ at 
intervals. Drip plates are attached to the 
underside of the screen sections at the 


- Welding blades. to the channels of 
classifier rakes causes the channels to 
bow, but counterbowing them before 
welding will result in straight channels 
after welding.® 

jeBecause of ineffectiveness of screening 
with : screen cloth having openings smaller 
than 48-mesh, and the difficulties of 
sizing by hydraulic classification when 
pulp contains minerals ranging from 
2.65 to 7.1 sp gt, a launder-type stationary 
‘screen has been developed, which is quite 
satisfactory. The unit (Fig 4) consists 
of a launder whose deck is made up of 
3; alternate sections. of. screen. cloth and 
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Fic 4—LAUNDER SCREEN. 


lower ends, to prevent the undersize from 
falling on the spray nozzles: and choking 
them. Such a unit is reported to have 
recovered in the oversize 97 pct of the 
plus too-mesh material, 84 pct of plus 
150-mesh, and 7 5 pct of the minus 200- 
mesh, whereas 65 pct of the total: minus 
325-mesh was eliminated in the undersize.?” 

A rope coupling can be used*for a mill 
or crusher drive, and it will protect: them 
against shock. In a crusher it -will prevent 
breakage caused by the presence of tramp 
steel in the crusher feed. Coupling is 
made up of two halves, each half con- 
sisting of a face:plate into which pins 
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have been pressed. The motor half is larger 
in diameter, and the pins in the driven 
half are set on a diameter small enough 
not to touch those on the motor half, 
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swinging gate D at the discharge end of 
the concentrate launder, and adjustable 
mercoid switches E. Switchboard F con- 
tains time relays, reversing switch, and 
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Fic 5—ROPE COUPLING. 


when the halves are put together. The 
pins are grooved, and an endless manila 
rope belt is laced alternately around the 
pins of the two halves. Fig 5 shows the 
details.17 

A small spitzkasten-type hydraulic classi- 
fier, comprising a settling box with an 
intermittent sand discharge, is operated in 
closed circuit with fine-crushing rod mills, 
to return a small amount of the coarser 
sand and tramp oversize to the rod-mill 
feed. This practice eliminates troublesome 
accumulation of oversize material in the 
fine-crushing circuit.!8 

Where large volumes of tough, volumin- 
ous froth are produced, launders are not 
used. The flotation machines are set over 
bins that have sloping bottoms and control 
gates, to direct the products to the desired 
places. Properly applied sprays help to 
control the froth." 

Usually the maintenance of the proper 
level of the pulp in a pneumatic flotation 
machine is done by manual operation of 
the tail gate. A device has been developed; 
which, after initial setting, does this 
automatically. The level-controlling device 
is shown in Fig 6 and consists of a motor 
A, speed reducer B, tail gate assembly C, 


switches for manual and automatic opera- 
tion. The time relays control the freauency 
travel during the interval. 

The controlling principle of the device 
is that a change in pulp level provides a 
corresponding variation in volume of froth 
overflow. The froth stream, impinging 
on the swinging gate at the end of the 
concentrate launder, changes the deflection 
of the gate and thereby changes the 
position of the mercoid switches. Deviation 
of these switches from their neutral position 
selects the direction in which the driving 
motor will rotate during the next operating 
interval of the timer. Thus the gate is 
raised or lowered gradually until the 
volume of the froth overflow assumes its 
normal proportion, and the mercoids 
return to a neutral position. ° 

To make the initial setting, adjust 
the pulp level manually, and set mercoid 
switches in neutral position by means of 
adjustable lever arm G. If the ‘controller 
now consistently tends to drop the froth 
level, it indicates that a decrease in the 
frothing agent is needed. Increase: in 
frother would be indicated by tendency of 
controller to. maintain high pulp levels.15 . 
_ In flotation. machines of the Forrester, 
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‘Southwestern and Munro-Pearse types, 
it is necessary to use sufficient air to 
keep all the particles of ore in suspension. 
Otherwise these machines sand up after 
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than sand holes, which are sometimes 
used. Where coarse feed is used in mechani- 
cal cells, such an airlift is practical in each 
cello 
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‘ Fic 6—PULP-LEVEL CONTROLLER. 


a few hours of operation. If less air is 
used, a small amount of tramp ore or 
‘oversize from the classifier crawls along 
the bottom of the machine and gradually 
‘begins to build up from the tailing end. 
An airlift installed in the cell at the tail 
gate will remove this material and permit 
“an appreciable saving of air. The airlift 
is operated with the same air that is used 
jn the machine. This is far more positive 


OS 


On deep, ro-ft pneumatic cells of -the 
Munro-Pearse type, power failure may 
cause sanded up conditions that prevent 
the cells from coming back into operation 
when power is resumed. Hydraulic jacks 
to lift the air header and aerating pipes 
out of the cell, and to lower them back 
slowly when power comes on again, make, 
it possible for the cells to be operating 
within a few minutes. Electric, four-way 
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cocks, interlocked with the blower motor, 
make the operation complete.'? 

A suitable plug (Fig 7) for quick, easy 
draining of flotation machines consists of 
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Instead of continuous froth-skimmer 
shafts running the entire length of the 


machines, short stub shafts can be welded 


to the skimmer-blade arms as shown in 


Fic 7—PLUuG VALVE. 
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Fic 8—STuB SKIMMER SHAFT. 


a wedge-shaped wooden block whose face is 
covered with rubber launder lining. The 
plug slides in metal guides and has a 
handle. It has none of the disadvantages, 
such as seizing, swelling, and sudden 
release, common to various types of 
plugs, flap valves, and plugcocks. It is 
cheap and easy to make. It is easy placed 
or removed, and it can be made for any. 


size of opening.}7. D. MUA SeeED ao Geeerae ng eIea eae 


Fig 8. This prevents concentrate from 


bridging over between opposite -blades. 


and allowing large blobs to fall back into 
the machine. Clamps for’ fastening the 
skimmer blades. to the continuous shaft 
are unnecessary, and there is considerable 
saving in material. At the ends of the 


machine the skimmer shaft, carrying the 
drive pulley, extends the. full .width of. 


the last-pellidle cag hE eee 


‘herd eae 


J. F. MYERS AND R. J. TOWER 19 


To check possible metallurgical results 
from: heavy-media process of ores of plus 
14-in., stir up a mixture of minus 100-mesh 
ferrosilicon and water. Weigh a known 


scrapers as the filter cake is discharged. 
Scrapers usually are bolted to the frame. 
Fig 9 shows a means of mounting the 
scrapers, so that they are free to move 
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Fic 9—SCRAPER FOR DISK FILTER. 


volume of the mixture and add ferro- 
silicon or water to obtain the desired 
specific gravity. Drop a screened sample 
of the ore into the mixture, stir rapidly 
and skim off the float, which is the tailing. 
_ Wash both the sink and float on a screen, 
weigh. and assay.! 
3 In the heavy-media process a meter 
“can be used to record the differential 
~ in pressure between two tubes of different 
Berets immersed in the ferrosilicon me- 
- dium. A recording 24-hr chart is calibrated 
to indicate this differential in terms of 
; Bessccific gravity. This eliminates the taking 
of samples by hand, and corresponding 
_ chance for error in the record.”* 
-. On vertical leaf filters, for instance the 
American, it is quite difficult to keep the 
various segments lined up, particularly 
after the filter has been in service for a 
ong time. This causes uneven pressure 
on. the filter cloth of the segments by the 
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sideways as they follow the movement 
of the out-of-line filter segments, and. thus 
increase the life of the filter cloth.’ 


AUXILIARY APPARATUS 


When pumping is severe, pumps can 
be equipped with ammeters, and when 
the current falls off to a certain point, it 
will indicate that parts are worn and 
should be replaced. This leads to low 
power and replacement costs and eliminates 
pump failures.* 

Worn sand-pump casings can be repaired 
with alundum or. carborundum-cement 
mixtures. After it has cured for 90 days, 
a repaired case will give from one to two 
times the service of a new case, and the 
cost of repairing is about one fifth that 
of a new one.® 

To stop pump surges, insert a short 
piece of small pipe with a valve on the 
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end into the suction of the pump, and admit 
the amount of air found necessary.” 

A pump box that cannot be seen by the 
operator can be equipped with an elec- 
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FIG 10o—DEVICE FOR DILUTING LIME FOR UNIFORM STRENGTH. 


tronic high-level control and an alarm, to 
warn the operator of a rising pulp level.‘ 

Worn or broken rubber diaphragms for 
pumps can be repaired in the same way 
in which conveyor belts are patched and 
vulcanized. Repaired diaphragms give 
an extra life of about 30 pct of the original 
and may be repaired several times.?® 

When less air delivery is required, 
throttling the suction side of a centrifugal 
blower will save power. Throttling the 
discharge side does not.® 

A heavy cylinder-stock oil with wool 
waste is often used for lubricating trunnion 
bearings of grinding mills. A little light 
engine oil fed automatically by a drip 
feeder will reduce the power consumption 
5 pct or more.!° 

Lubricating grease in flotation pulp 
causes froth trouble, while lubricating 
oil is much less injurious. Bottle oilers that 
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q 
are automatic, and feed oil only when shaft } 


is in motion, should be used on classifiers, — 


diaphragm pumps, tank” drives, etc., to” 


reduce this trouble.!® 
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Oil drainage from crushers, pumps, 
gear cases, and other equipment may be 
treated for re-use by adding 1 lb caustic 
soda to 4o gal of oil, boiling for 15 minutes, 
and allowed to stand overnight. Wastage 
will have settled in the bottom of the 
container.? 

A miniature sample cutter that re-cuts 
the stream from the main cutter reduces 
the bulk of the sample, thereby saving 
considerable work.® 

A device used to furnish a supply of 
lime and water of uniform strength is 
shown in Fig 10. Operation is as follows: 
As the level falls in the storage cone, 
float A actuates the mercoid switch, 


- 
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which energizes a solenoid valve and 


allows fresh water to enter container B 


at a rate greater than the discharge from | 


it. The weight of water in container B 
opens a plug cock in the mill-water line 
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—and allows mill water to enter container C 
at a rate greater than that of the dis- 
charge from it. The weight of water in 
container C overcomes the effect of the 


and to operate at a constant air velocity 
of 20 in. on the water manometer for a 
standard time period. A modified pro- 
cedure has been used over the past two 
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Fic 11—METHOD OF REPAIRING PIPES CARRYING PULP. 


“suspension spring and disengages_ the 
rubber plug in the bottom of the strong- 
- lime vessel. Thus strong lime is discharged 
into the storage cone and mixed with 
dilution water. Quantities of lime and mill 
water are regulated by the size of the 
orifices. When the level in the storage 
cone rises sufficiently, the sequence is 
_ reversed and the flow into the cone stops.”° 
A method of repairing pipe lines carrying 
flotation pulps, while the lines are in 
“service, is shown in Fig 11. Fittings are 
repaired in the same manner. Costs are 
about equal to new.'4 
A laboratory screw-type classifier can 
be made by using a conventional screw 
conveyor in a steel trough with standard 
head and tail ends. All parts may be 
peutchased from any conveyor manu- 
_ facturer, and drive and water boxes pro- 
_ vided as desired.! 
_- A downdraft hood is quite satisfactory 
- for the control of dust in sample-prepara- 
tion rooms. Downdraft takes advantage 
of the natural tendency of dust to settle 
y nd avotds drawing: it past the workman’s 
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The recommended procedure for in- 
frasizing. has been to charge the sample 
into the» first cone ~ (smallest. diameter) 


a 
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years, which has several advantages over 
that recommended by Haultain. The 
sample is first charged into cone No. 6 
and elutriated until the rate of increase 
in weight of bag product becomes small. 
This determination is aided by placing a 
short length of glass tubing in the line 
leading to the bag. Two or three weighings 
of the bag can be made when the amount 
of solids entering it diminishes. A con- 
venient standard is an increment of less 
than 0.5 pct in 15 minutes. When the 
desliming operation is completed, the 
sample is removed from cone 6, charged 
into cone 1, and sized as usual. 

This procedure permits better scrubbing 
in cone 6 for release of fines. It eliminates 
coating of the other cones by fines. In 
addition, it is possible to reduce the air 
velocity and obtain still finer bag products; 
as, for example, at velocities of 5 and 
10 in. The sizing is started at 5 in.; when 
this is completed the bag is changed 
and the velocity increased to ro in ; on 
completion the bag is again changed, and 
desliming continues at 20 in.; following 
this, sizing is completed from cone 1. 
While it is possible to operate at these 
lower velocities with the older procedure, 
the lack of effective scrubbing in cone 
No. 6 prolongs the separation needlessly. 
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With normal mill products the extra 
infrasizer fractions may be of no impor- 
tance, but where the minus 20-in. bag 
product is a large fraction of the original 


this is because of unwitting acceptance 
of an unsound principle of model con- 
struction; namely, that of reducing the 
device to be imitated equally (or nearly 
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Fic 12—ADJUSTABLE DISTRIBUTOR BOX. 


material, and contains a significant amount 
of valuable material, its further frac- 
tionation may be important.22 

' Although satisfactory laboratory flota- 
tion cells of the agitation and subaeration 
type are available, the same can hardly 
be said of pneumatic machines. In part 


so) in all dimensions. It would be preferable 
to adopt for model building the prin- 
ciple of reducing. dimensions that are 
relatively unimportant and keeping others 
at nearly full scale. In keeping with 
this sounder principle, a glass pneumatic 
cell has been constructed in which the 
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depth of pulp is nearly 3 ft, the length 


about 3 ft and the width 1 or 2 in. Cir- 


culation of pulp and froth is obtained 
by the use of longitudinal partitions made 
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and the retention of depth and length 
at the expense of width permits the bubble 
to imitate better in length of passage 
through the pulp and in pressure changes 
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Fic 13—-PULP DISTRIBUTOR. ' 


of plate glass. The cell has the shape of a 
truncated inverted wedge, so that it is 
somewhat wider at the top: than at the 
bottom. - 


Control of the level of the pulp body 


is obtained by a gooseneck device that 


‘can be raised or lowered by a screw thread 


of moderate pitch. Control of the width 
of the bubble column is obtained by a 


glass wedge dipping in the bubble column 


and: capable of vertical motion through 


a screw thread. of moderate pitch. Taken 
together, these two control devices permit 
the regulation, at will, of the relative 


volumes of pulp body to bubble column, 
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as well as the shape of the bubble column. 
The glass and plastic construction mini- 


-mizes the effect of . wall-derived_ salts, 


the behavior of bubbles in industrial 
pneumatic cells.® 

Moving pictures have been used to 
study comminution, the operation being 
carried out in a short ball mill fitted with 
a coarse screen end, through which the 
pictures were taken. In the present 
device stroboscopic viewing replaces mov-, 
ing-picture photography, and plate-glass. 
ends replace the screen ends used hereto- 
fore. The mill is 18 in. inside diameter 
and 3 in. inside length, and is mounted on 
steel rollers driven by a variable-speed 
motor. The stroboscopic illumination is 
obtained by the use of a strobotac with 
strobolux attachment. This device has 
shown that there is differential movement 
of different layers of balls, and that much, 
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grinding must occur within the ball charge. 
For the study of wet grinding, an iso- 
tropic mineral is preferred, with a liquid 
index of refraction. 


having the same 


is to vary the feed to grinding mills, 
as their capacity changes because of 
different degrees of liner wear.° 

Another type of pulp distributor is 
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Fic 14—AIR AND WATER BLAST (2-INCH BAZOOKA). 


This makes visible the action of the 
suspension, and obscures ball motion 
much less than any other medium.® 

A pipe nipple may be fastened to a 
rubber hose without the use of clamps, 
by heating the nipple and forcing it into 
the end of the hose. The heat vulcanizes 
the hose to the nipple.’ 

To secure anchor bolts to old concrete 
foundations, drill holes in the concrete, 
insert bolts, and fill holes with molten 
sulphur. 

A distributor box with adjustable 
discharge is shown in Fig 12. The bottom 
of the distributor is divided into three 
compartments, each with one discharge 
pipe. Three movable trays are supported 
above these compartments. The trays 
have one closed and one open end. If 
more pulp is desired in one compartment, 
the closed end of the movable tray for 
that compartment is moved to ‘cover 
part of the next compartment. The feed 
well is caused to revolve by the action 
of the pulp discharging from the 45° 
elbows. One application of this device 


shown in Fig 13. This machine has no 
moving parts and gives an equal distribu- 
tion to each of its component partitions.1® 
Often it becomes necessary to blast 
large pieces of ore in jaw crushers, feed 
chutes and ore bins. This creates a dust 
that is undesirable from the point of 
view of health and clean up. To allay 
this dust and control its ill effects, a 
dense fog of water can be generated 
before the blast by a “bazooka,” illus- 
trated in Fig 14. This device is made of 
standard pipe fittings. Several manu- 
facturers make devices for the same 
purpose in more elaborate forms.?® 


CONCENTRATION PRACTICES 


Sometimes where a two-stage grinding 
circuit is used, it is possible to reduce 
the tonnage lost on account of mill or 
classifier repairs. Thus, if a primary 
classifier is shut down, the tonnage can 
be reduced by a fixed amount, and the 


same grinding maintained on the secondary 


circuit. If one primary mill is temporarily 


removed from service, a somewhat reduced 
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tonnage can be handled by increasing 
the tonnage on the adjacent unit while 
still maintaining the same grind on the 
two secondaries. If a secondary unit is 
down for repairs, a reduced tonnage is 
treated by the two primaries and one 
secondary. Switches of this kind require 
special launder or splitter-box arrange- 
ments, but over a period of time it is 
surprising how much extra tonnage it is 
‘possible to handle. A few trial runs 
will establish the tonnage that can 
be accommodated by the different com- 
binations.® 

Fine grinding and recleaned concentrate 
“sometimes make a product in which the 
silica content must be regulated. This 
can be done by pumping the desired 
amount of siliceous sand into the con- 
-centrate from a pocket in the tail line.® 

Breakdowns can be kept to a minimum 
by using a system of inspection, covering 
every possible detail of maintenance. 
Necessary repairs are made on planned 
shutdowns of portions of the operation 
based on these inspections. Such a system 
has resulted in operating time averaging 
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DISCUSSION 


. (E. H. Rose presiding) 


HartowE Harpince*—Mr. E. H. Rose, in 
asking me about our “electric ear,” sound con- 
trol for ball mills, knows that I am one who is 
very much in favor of controls in general, and 
ways and means of eliminating the personal 
equation when it comes to operating grinding 
mills and other devices. I made a trip through- 
out the United States recently, and in talking 
to operators in various industries, I was im- 
pressed by the amount of investigation being 
made by them on ways and means to simplify 
their operations, eliminate unskilled labor and 
increase their overall operating efficiency. 

Several years ago, control features were 
classed as gadgets to ‘‘get out of order;” but 
today, there seems to be a distinct change in 
sentiment, perhaps because some of these con- 
trols actually do work and pay dividends to the 
user. It is important, however, that the control 
be simple and effective within the normal limits 
of operation. So far as possible, a control should 
start at the top of the operation rather than at 
the bottom. In other words, ‘‘it is much easier 
to prevent the disease than to cure it.” 

Those controls that regulate the material or 
operation at the source have a much better 
chance of continuing to function than those 
that try to correct an unbalanced condition 
long after this trouble has started. It seems to 
me that this, fundamentally, is the method of 
approach that should be followed so far as 
possible. When we are dealing with nature and 
nature’s variables, it is impossible to achieve 
perfection. Controls, at best, are compromises. 

While the present paper brings out ideas and 
methods which are well known to some it will 
suggest to the operator that there may be other 
ways of getting over certain difficulties. 


* Hardinge Co., York, Pa. 


Milling Lead-zinc Ores at Iron King Mine, Prescott, Arizona 


By H. R. Henpricks,* MemBer AIME 


Tue ore of the Iron King mine, being 
very hard and having a very fine crystalline 
structure, presents many problems in 
milling that are not present in ordinary 
lead-zinc ores. This very fine crystalliza- 
tion causes much interlocking of minerals 
and is most prevalent between the gold 
and pyrite and the sphalerite and pyrite. 

The recovery of gold is extremely 
important in the economic value of the 
ore and therefore constitutes a large 
part of the metallurgical problem to be 
solved. All of the gold is free but it has 
not been observed in any of the mill 
products except under very high mag- 
nification. Some of the gold is tarnished, 
and this condition also makes recovery 
difficult. The gold values have been 
determined to be highest in association 
with chalcopyrite and arsenopyrite. 

The silver occurs mostly in association 
with galena and tennantite. A ’small 
amount of native silver has also been 
observed occasionally. The galena, being 
softer than the other minerals, frees 
much better in grinding. Some oxidation of 
galena is present in the ore, as the non- 
sulphide lead content amounts to ap- 
proximately 10 pct of the total lead. 
Some oxidation of sphalerite is also 
present in the ore. 

Microscopic examination of the zinc 
concentrate shows many grains in the 
minus 325-mesh to be half pyrite, to- 
gether with the fact that some of the 
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zinc is marmatite, makes production of a 
high-grade zinc concentrate very difficult 
unless recovery is sacrificed. 

In the grinding, it has been determined 
that the flotation feed must be maintained 
at 85 pct minus 200-mesh to free the 
minerals sufficiently to make the best 
economic recoveries. Table 1 illustrates 
the effect of fine grinding. It shows that 
the bulk of the recovered minerals is in the 
minus 325-mesh size and is the part of 
the minerals that is more readily freed. 
The pyrite concentrate is not given in the 
table because it contains practically no 
minus 325-mesh. i 


DEVELOPMENT OF PRESENT FLOWSHEET 
AND MILLING PRACTICE 


The first milling operation started 
in 1938, with a mill capacity of 140 tons 
daily, producing a bulk gold-silver-lead 
concentrate. After several stages of ex- 
pansion and changes of the mill flowsheet, 
the mill is currently treating 380 tons 
of ore daily and three separate concen- 
trates are produced. In order of their 
importance and value, these are: (1) lead 
concentrate, (2) zinc concentrate and 
(3) pyrite concentrate. 

The present average -grade of mill 
heads is: 
lead 2.50 pct, zinc 7.60 pct, copper 0.22 pct, 
iron 22 pct and 30 pct insolubles. Spee 
gravity of the ore is 3.8. 

During the period when bulk fitation 
was practiced, the flowsheet was yery 
simple. The ore was ground fine énough 
to liberate as much gold, silver and lead 
as possible. -Necessary+-:collectors’ and 
frothers were added in sufficient quantity 


gold 0.11 oz, silver 4.00 02, — 
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to remove the most active minerals, 
This produced a concentrate that would 


contain most of the gold, silver and lead. 
On. account of the fine interlocking between 


the gold and pyrite, the recovery of gold 


by flotation was not entirely satisfactory, 


because the pyrite was approximately 


half of the mill feed, and if all the pyrite 
_ were recovered the grade of concentrates 
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tinuously until the latter part of 1942. 
At that time a market developed for pyrite 
concentrates that would make a suitable 
smelter flux. Since there was still much 
gold locked with pyrite, it was found 
that a pyrite concentrate could be pro- 
duced that would have a slightly higher 
economic value than the product of the 
cyanide operation. The latter was then 


TABLE 1—Distribution of Metals in Mill Products 


would be too low. Laboratory research 


; and the capacity 


ag 


4 


Netidiaiabicaat 


then indicated that differential flotation 
would produce a zinc concentrate that 
could be marketed at a slight. profit. 
_ The mill was then converted, in the latter 
“ part of 1939, to differential flotation, 
simultaneously was 
increased to 225 tons daily. 

_ A modern cyanide plant was added 
to the circuit in the latter part of 1940 
to treat the zinc tailings for additional 


: recovery of gold, and was operated con- 


PER CENT 
Mesh | Wt. | Au Ag | Pb | Zn | Cu Fe | Insol 
HEADS 
+100 1.88 0.9 I.4 cet: 0.9 r.10 0.5 3.6 
+200 13.23 8.5 S22 oy) ly hes 7.0 5.5 25,7, 
+325 20.10 24.3 15.6 I1l.9 17.8 16.1 22.3 16.5 
— 325 64.79 66.3 74.8 81.3 74.2 75-9 72.7 58.2 
Total I00.00 100.0 100.0 100.0 100.0 100.0 I00.0 100.0 
Bo j LEAD CONCENTRATES 
Sr eS ee 
+200 I.00 I.0 0.8 0.4 £0 0.8 TO) Oe 
+325 12.38 E53 9.0 6.6 14.4 Tr.5 I5.4 27.4 
— 325 86.62 85.7 90.2 93.0 84.6 87.7 83.6 68.6 
Total I00.00 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
ee ee ee Ean 
3% : Zinc CONCENTRATES 
+200 I-23 1.0 0.7 0.6 TO Hak Pat 2.9 
+325 II.34 II.2 beard 5.6 10.3 13.5 14.3 23.4 
ya 77325 87.43 87.8 91.9 93.8 88.7 75.4 84.6 ried 
., Total, | 100.00 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
I ee a SS 17 a 
TAILS : 
+100 2.50 1.0 Gee 2.0 a3 2.2 0.7 B20 
+200 rz. 7.9 14.6 52.7 I5.6 be eR 4 6.1 20.0 
; +325 -13.9 16.9 14.8 15.3 23.8 15.6 14.7 I2.4 
— 325 Uo (ites) br Poe} 69.4 70.0 59.3 71.1 78.5 63.8 
: Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 


discontinued, after the installation of 
Wilfley tables and production of the 
pyrite concentrate began. This pyrite 
concentrate was first produced by tabling 
the zinc tailings. Later it was found that 
tabling the lead tailings before zinc flotation 
would benefit the zinc circuit, because 
the removal of some of the pyrite would 
reduce the circulating load. 

Again in 1943 the mill capacity was 
increased, by the addition of another 
ball mill, classifier and additional flotation 
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cells. The Wilfley tables producing the 
pyrite concentrate were double-decked 
to handle the additional tonnage and 
thereby produce a larger amount of the 
pyrite concentrate. 


PRESENT FLOWSHEET (FIG 1) 


The ore as received from the mine is 
placed in a t1oo-ton bin near the shaft. 
From this bin the ore is transferred by a 
3o-in. apron feeder to a 24-in. conveyor 
belt, which delivers the mine-run ore 
over a grizzly set at 134 in. A 4o-ton bin 
for receiving custom ore from trucks 
also feeds onto the grizzly. The grizzly 
undersize drops onto an 18-in. conveyor 
belt just behind the primary crusher. 
The grizzly oversize passes into a 15 
by 30-in. Buchanan Blake crusher, which 
reduces it to minus 2-in. size, then it joins 
the grizzly undersize on an 18-in. con- 
veyor belt. This conveyor delivers the 
ore over a magnetic pulley, for removal 
of tramp iron, onto a vibrating screen 
with 34-in. openings. The screen undersize 
drops onto an 18-in. conveyor belt behind 
the secondary crusher and the oversize 
is delivered to a 24-in. Symons shorthead 
cone crusher, where it is reduced to 34-in. 
size and joins the screen undersize on the 
same conveyor. This conveyor carries 
the ore over an electric weighing scale 
and delivers it to a 500-ton round steel 
storage bin. Two 18-in. conveyor belts 
under the bin deliver the crushed ore to 
the two 75 Marcy grate-discharge ball mills. 

Each Marcy ball mill is operated in 
closed circuit with a Dorr classifier. 
Reagents added to the grinding circuit 
are zinc sulphate, sodium cyanide and 
 thiocarbanilide. The density of the classifier 
overflow pulp is maintained at 20 pct 
solids. The overflow from the two Dorr 
classifiers joins and is pumped, by a 4-in. 
Wilfley sand pump, to the flotation circuit 
on the floor above the ball mills and 
classifiers. This pump delivers the pulp 
to No. 3 cell of a 1o-cell bank of Denver 


Sub-A No. 21 flotation machines. Cresylic 
acid and Z3 are the reagents added ‘to 
the head of the lead flotation circuit. 

The rougher lead concentrates from 
cells 3 to ro inclusive are laundered to ' 
No. 1 cell for cleaning. The middling _ 
from No. 1 cell enters No. 2 cell, where 
some additional concentrate is removed E 
before the product is returned to No. 3 cell — 
to join the original feed. ; 

The lead concentrate is laundered to a 
12 by 8-ft thickener and, after thickening, 
is lifted by a 3-in. Denver diaphragm 
pump to a 4-ft, three-leaf Eimco disk 
filter. The filtered lead concentrate is dis- 
charged into a 40-ton wooden storage bin 
with chinaman chute bottom arranged for 
easy loading into trucks, which transport 
the concentrate to the railroad siding, a 
distance of approximately two miles, 
where it is loaded into gondola cars for 
shipment to the smelter. 

The lead tailing is pumped by a 4-in. 
Wilfley pump to a distributor for three 
double-decked Wilfley No. 6 tables, where a 
pyrite concentrate is removed. This pyrite 
concentrate is pumped directly to a filter — 
without thickening. The filtered pyrite 
concentrate drops into a 30-ton bin similar 
to that used for lead concentrates, and is 
also trucked to the railroad and loaded 
into gondola cars. 

The table tailings flow by gravity to a 
40-ft thickener, for recovery of water. 
This recovered water is returned to the 
grinding circuit for classifier dilution. 
The underflow from this thickener enters 
a 6 by 6-ft conditioner at approximately 
45 pct solids. Hydrated lime and copper 
sulphate are added to the pulp in this 
conditioner. The overflow from this con- 
ditioner enters a second 6 by 6-ft condi- 
tioner along with the middlings from the 
zine cleaner circuit. The return of the 
middlings from the zinc cleaning circuit 
dilutes the second conditioner overflow 
to 30 pct solids for zinc flotation. Z3 is 
added to the second conditioner overflow. 
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/RON KING MILL 
FLOW SHEET 


1. Crude Ore Bin 9. Vibvating Screen 19, #'x2'Dorrco Fi/ter 

2. 30° Apron Feeder 10, 2' Simons Crusher 20, No.6 Wilfley Table 

3, 24" Conveyor I. Fine Ore Bin 2). /° Sand Pump 

4. Custom Ore Bin 12. 18"Feedeer Belt 22. #-3 Dist Ameican Filler 
5. 18" Grizzly 13. No.75 Marcy Grate Mill 28.40' Dorr Thickener 
6. 15"X30" Crusher 14. 8x25 Door Classifier i4, 6X6’ Conditioner 


7, 18” Conveyor 15. 6°X2/' Dorr Classitier 25.3" $and Pump 
8 Magnetic Pulley 16.4” 5and Purp 26. 56° Fagergren Cells 
17. No.2/ Denver Cells 27. Distributor 
18.Automatic Sampler 28.2” Sand Pump 
29. 20' Southwestern Thichener 
} 30. 6-3 D/se Eimco Filter 
gi. Dryer 
32.40’ Denver Thitkener 


Overflow to | 
Grinding Circuit 


Overflow 
To Waste 18 


Overflow 
To Zn Spray 
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The conditioned pulp is delivered by a 
3-in. Wilfley sand pump to No. 1 cell 
of an eight-cell bank of Fagergren 56-in. 
flotation cells. Zinc flotation is accom- 
plished in two separate circuits. The 
Fagergren cells are used for roughing and 
a six-cell bank of Denver Sub-A No. 21 
flotation machines is used for cleaning. 

The zinc concentrate from No. 1 and 
No. 2 cells of the rougher is laundered 
directly to No. 1 cell of the cleaners. 
The zinc concentrate from cells Nos. 3 to 6 
(some additional Z3 being added as the 
pulp enters No. 5 cell) is pumped by a 
2-in. Wilfley sand pump to No. 3 cell 
of the cleaner circuit. The concentrate 
from rougher cells 7 and 8 is pumped to 
No. 6 cell of the cleaner circuit. Con- 
centrates from cells 3 to 6, inclusive, 
are laundered to Nos. 1 and 2 cells for 
second cleaning. 

All tailings from the cleaner circuit 
return by gravity to the No. 2 conditioner. 


Cleaned concentrates are laundered to a 
20-ft thickener. The thickened concen- 
trate is lifted by a 3-in. Denver diaphragm 
pump to a 6-ft, three-leaf Eimco filter. 

The filter cake carries 20 pct moisture 
because of the extremely fine grind. This 
moisture is reduced to 8 pct by passing 
the cake over a pan drier equipped with 
continuous drag, after which it is dis- 
tributed to either of two 30-ton storage 
bins beneath the drier. The zinc con- 
centrate bins are similar to the other 
concentrate bins and concentrates are 
shipped in the same manner. 

Tailings from the zinc rougher circuit 
are pumped to a 4o-ft thickener for 
recovery of water to be used on zinc 
sprays. The use of tailing water has been 
found beneficial to the zinc cleaning 
because its alkalinity is higher than that 
of fresh water. 

The thickened tailings flow by gravity 
to tailings-storage dam. 


Milling Practice at New Lead-zinc Concentrator 
of Phelps Dodge Corporation 


By R. C. THompson* 


Tue lead-zinc mill of Phelps Dodge 
Corporation, Copper Queen Branch, Mines 
Division, Bisbee, Arizona, is about 3 miles 
from the main hoisting shafts of the 
Junction and Campbell mines at Lowell. 
All the ore treated in the mill is obtained 
from these two mines. 

The mill was designed for an all-flotation 
treatment of 450 tons of lead-zinc ore 
per day, and has been operated at that 
capacity since the start of milling opera- 
tions on Nov. 17, 1045. An expansion 
program is underway whereby the mill 
capacity will be doubled, but this article 
describes only the original program and 
presents results of the 450-ton operation. 


GENERAL DESCRIPTION 


The milling plant consists of an ore- 
receiving bin and three steel-constructed 
buildings housing, respectively, the pri- 
mary crushing equipment, the secondary 
crushing equipment, and the ore-storage 
bins, grinding, flotation, and filtering 
equipment. 

The mill site is the one that was used 
for a previous copper-concentrating plant, 
which was operated over a period of years 
and then dismantled. There remained 
from this operation some milling equip- 
ment, a reservoir for mill-water supply, 
railroad tracks, tailings-disposal ponds, 
and a steel-constructed building, all of 
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which were incorporated in the design of 
the present lead-zinc mill. The location 
plan of the plant layout is shown in Fig 1. 

The flowsheet of the mill is based on the 
conventional scheme for lead-zinc treat- 
ment, however, several innovations were 
made necessary in order to utilize the 
existing building. Placing of equipment 
also was governed by the design of the 
building; thus making the mill unique 
in many respects. The following brief 
description of the mill building as adapted 
to the flowsheet points out the compact- 
ness of the installation and some of its 
unusual features. 

The first floor (Fig 2) houses the grinding 
equipment, with connecting conveyors for 
ore feeding, also an air compressor, two 
vacuum pumps, bins for lead and zinc 
concentrate storage with individual con- 
veying systems for loading the two kinds 
of concentrates. Filtering of concentrates 
is done on the second floor, the con- 
centrates discharging directly into the 
concentrate-storage bins. On this floor 
are the lead and zinc filters, two diaphragm 
pumps, sample-filtering equipment, sample- 
preparation room and a change room for 
the mill employees. The flotation machines 
are on the third floor, at elevations allowing 
a gravity flow of the lead and zinc con- 
centrates to the thickeners. The annex 
to the building contains a freight elevator 
and provides space for all reagent mixing 
and feeding, also storage of reagents and 
grinding balls. 

All the water used for milling purposes 
is pumped from the Junction mine and 
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none of the water used is _ reclaimed. 
Power is brought to the mill from the 
company steam and diesel power plants 
at 2200 volts and is transformed to 220 
and 110 volts for mill use. 


OrE TREATED 


The lead and zinc generally occur in 
the ore as galena and sphalerite, while 
the iron occurs mainly as pyrite. Anglesite 
and cerussite have been noticed on rare 
occasions in amounts sufficient to be 
observed on the pilot tables. The sphalerite 
varies from a straw-colored variety to a 
coal-black variety as seen in the ground 
condition under the microscope, with 
varying iron content. Of the sphalerite 
that enters the lead concentrate, the 
light-colored varieties predominate. The 
major portion of copper exists as chal- 
copyrite, with bornite next in frequency 
of occurrence. Chalcocite is sometimes 
present in small amounts. Quartz and 
calcite are the predominating gangue. 
Ores from various sections of the mines 
show marked differences in association of 
minerals and texture. Some ores are So 
fine grained as to defy liberation of the 
mineral with any practical grind, and 
others are fairly coarse grained. In milling, 
the practice is to grind to approximately 
68 pct minus 200-mesh as a compromise 
to the demands of the various ores. 
Sphalerite-pyrite locking is generally more 
severe than that between other minerals. 
Activation of sphalerite in place by copper 
salts, tarnished galena surfaces, locking of 
minerals, and excessive fineness of sphal- 
erite all play a part in reducing the selec- 
_ tivity of the mineral separations. 


MILLING PRACTICE 


A flowsheet of the mill is shown in 
Fig 3. It gives a comparatively complete 
picture of the progress of the ore through 
the various stages of treatment. 


Unloading and Crushing 


Ore is received from the mines in gabled- 
bottom side-dump cars of 50 tons capacity. 
Loaded cars are weighed on a track scale 
in the mill yard. The cars are dumped into 
the receiving bin—a concrete and steel 
hopper-bottomed bin in an excavation 
beneath the ore-haulage track. The receiv- 
ing bin is simply a dumping pocket and 
was not designed to provide any ap- 
preciable ore storage. The ore track 
accommodates 28 loaded cars above the 
bin and an equal number of empties 
below, and serves in lieu of a storage 
bin for coarse ore. 

Ore is transported from the receiving 
bin by a 34-in. pan conveyor to a steel 
grizzly having 2-in. spacings. The con- 
veyor is 45 ft between head and tail 
sprockets and is on an incline of 22° from 
horizontal. The conveyor speed may be 
varied between 8 and 14 ft of travel per 
min. Grizzly oversize is crushed to 244 in. 
in an 18 by 36-in. jaw crusher. The crusher 
operates at 240 rpm and is driven by a 
75-hp motor through Texropes. Crushed 
ore and grizzly undersize are delivered 
to a 30-in. conveyor belt, which passes 
under a magnet and discharges onto a 
3 by 8-ft vibrating screen, ahead of a 
3-ft cone crusher. The cone crusher is 
driven by a 150-hp motor through Tex- 
ropes and is set to deliver, with a single 
pass, a product containing 85 pct minus 
¥-in. The screen undersize and crusher 
product are transported by a 24-in. 
inclined conveyor to an elevated 850-ton 
ore bin, which originally was one of four 
old Blaisdell tanks, 29 ft, 6 in. by 11 ft, 
of reinforced concrete construction. The 
depth of the tank was increased to 17 ft 
by adding a ring of 5/¢-in. plate. A steel- 
framed housing was erected over the 
tank and four feeders were installed in 
the bottom to complete the conversion 
into an ore bin with a live capacity of 
850 tons. 
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Grinding 


Ore is drawn from the bin by four 
conveyor feeders and is delivered to the 
ball mill by a 20-in. conveyor equipped 
with a weightometer. The grinding unit 
consists of a 7 by 7-ft grated-end ball 
mill operating in closed circuit with an 
8 by 23-ft duplex rake classifier. The mill, 
driven by a 200-hp motor, operates at 
23 rpm. Forged steel balls are used, the 
daily make-up proportioned at 60 pct 
a-in. and 4o pct 3-in. balls. The ball 
load is maintained at a level about 2 in. 
below the center line of the mill. Ball 
consumption has averaged 1.23 lb per 
ton of ore ground. Classifier overflow is 
maintained between 32 and 35 pct solids 
with a sand return circulating load around 
4oo pct. Table 2 shows the grinding 
product. 


Flotation 


Classifier overflow is pumped with a 


_ 3-in. sand pump to a sampling box ahead 


of the lead flotation circuit on the third 
floor of the mill building. The pump 
operates at 1200 rpm against a head of 
45 ft. Fig 3 shows the general arrangement 
of the flotation flowsheet, in which thirty- 
two 43 by 43-in. Denver Sub-A cells and 
one 10 by 10-ft conditioner are employed. 

A bank of 12 cells constitutes the lead 
circuit, the feed entering the No. 4 cell. 
- The circuit consists of a roughing section 
‘of six cells, a scavenging section of three 
cells, concentrate-cleaning and recleaning 
sections of two and one cells, respectively. 
Cells No. 4 to No. 9 inclusive produce a 
rougher concentrate that flows by gravity 
to the No. 2 cell. Cells No. 2 and No. 3 
- perform the first cleaning operation and 
_ produce a concentrate that is cleaned in 
the No. 1 cell, where the final concentrate 
is produced. Cleaner and recleaner tailings 
~ return to the rougher section. Concentrate 
_ from the scavenger cells No. 10, No. 11 
and No. 12 are returned to the rougher 


section and enter No. 6 cell. The lead 
tailing from No. i2 cell flows to the con- 
ditioner tank, where it is conditioned 
approximately 13 min and then is split 
between two parallel banks of to cells 
each, which comprise the zinc flotation 
circuit. 

Feed enters the No. 3 cells of the two 
zinc banks. Rougher concentrates from 
cells No. 3 and No. 4 go to No. 1 for 
cleaning and from No. 5, No. 6, and No. 7 
to No. 2 for cleaning. Scavenger con- 
centrate from No. 8, No. 9 and No. to 
returns to the No. 5 cell. The first one 
or two cells, depending upon the zinc 
content of the feed, produce finished 
concentrate, and tailings from these cells 
join the original feed to the zinc section 
in the No. 3 cell. ~ / 

In both circuits all middling products are 
returned to the different cells by gravity 
flow in launders. Elevations of the lead 
banks, conditioner tank and zinc banks of 
flotation machines permit a gravity flow 
of pulp through the entire flotation 
installation and of the final concentrates 
to the thickeners. 


Reagents 


A mixture of sodium carbonate, thio- 
carbanalid and zinc sulphate is added to 
the ball mill by means of a dry reagent 
feeder. Additional zinc sulphate, as a 
15 pct solution, and sodium cyanide, 
as a 10 pct solution, are also added to the 
ball mill. Cresylic acid and sodium ethyl 
xanthate are added to the classifier 
overflow as the pulp enters the pump 
sump. Additions of sodium ethyl xanthate 
are also made to Nos. 7 and 1o cells in © 
the lead bank. Sodium carbonate is added 
mainly to produce the desired alkalinity. 
The pH value of the mill water is 8.2 and 
lead circuit feed is maintained from 7.6 to. 
7.8. Thiocarbanalid is used as the col- 
lector; a little sodium ethyl xanthate being 
used intermittently. Thiocarbanalid has 
proved to be more selective and to pro- 


36 MILLING PRACTICE AT NEW LEAD-ZINC CONCENTRATOR OF PHELPS DODGE 


NONI — of | 
‘ of sSuchaAucd 32q 2137"4S ,O7-Z 
a] SE A he sobs savharu0d 29 .vzZ-Z 
| 4 ONIZ DuUIz 4 pea) - SUiIq a}DAzyUBZDUCD 


AdzYISG “OUOD DUIZ 3510 O 
ADZPILF “OUD 3510 € 

duand A) ae fo scmcingy ms 
dund wbpsudeig + 
SABDUSWMNYF BP}OAPUSIOUOD OF x 11 
BIQP} WIIG SPOAZUBOVOD DUIZ 
sary xo{1d Guyjioz jours 

UdoS SIj2> Of - SPMD SUIZ—-ZS% 
ABUOLZIPUSD ,O1 XO! 

a1qPy 7O\!1d Buypz peat 
S\jad YOIZHIO1$ 0 ANS, 

ev x,cv - Zi = HNDAID ppet 
duind puvg .¢ 

SNOoD JraFisspj}o xajdnq ,€z x,8 
ONIZ jit ywa ,L-¥,L 
42} 9W0PYOISM, 
wohaaucd 3120 ,0z 
Suohaauca Wed ,0z -Z 
SAPP2Z7PF B40 Oly -b 
UIg @4O UO] COG 
ACHSAUOD HIS swe 
ABSNAD BUD ,C 
Us2AdS 1zD4QgIA Bx, S 
AOHSAUCD 7120 0c 
A2zUuSNAD MPL oe Bl 


z Opds - hyzzi45 


= Sl LAL 1 (| si “uoherucs uby ,o¢ 
Eel tel lle lal le me Eset 
Lt 


y-Z 
ava Ody *SayD 


| ¥ 
Fz {=¢80953 ON3937 
© bereaar aet SE ESE e, 
SOD) fi ZI u 
(¢ ES eee STS) 

eel et fi fa. 

aie Sebel i 
S 


anntGoreggevstnses 


R. C. THOMPSON 37 


duce a higher grade of concentrate than 
xanthate. 
Hydrated lime and copper sulphate 
are added to the lead circuit tailing as it 
flows. to the conditioner. Lime is added 
_ by means of a dry feeder but preparations 
are now underway to change the method 
to a milk of lime addition. Copper sulphate 


- TABLE 1—Meiallurgical Data, Nov. 17, 1945 
to March 10, 1946 


Wet tons of ore milled................ 52,878.00 
Percentage of moisture... ..........0. 1.82 
Dry tons of ore milled................ 51,916.19 
MUI TAULITIS 1 AY Ss sates. o .cila Seaneadpepdieumvieneandyee I21 

Dry tons milled per operating day..... 429.06 
Dry tons milled per 24 hr of running time 466.45 
Kilowatt-hours per ton of ore milled... 20.37 
Ball consumption per ton of ore milled. 1.23 


Dry. tons lead concentrate produced 


(smelter receipts)..........0.02005. ,409.029 
Dry tons zinc concentrate produced 
(smelter receipts): .........00..5--- II,614.830 
Percentage of moisture in lead filter 
PLGOUCE aac cr ciete ace ener Sage nis eee coos 8.0 
Percentage of moisture in zinc filter 
Writ Ti S35 aoe se eee 9.2 
Ratio of concentration lead concentrate 8.1005 
Ratio of concentration zinc concentrate 4.4698 
Propuct ANALYSIS 
Ounces 
per Ton Per Cent 
Product 
Gold |Silver or. Lead | Zinc | Iron 
Meadss... 5. 0.017] 3.42] 0.82] 6.41/13.60] 9.93 
Lead concen- 
trate...:.. 0.059|15.72| 4.49]43-46] 9.64/12.99 
Zinc~ concen- + 
trate...... 0.014] 3.84] 0.79] 2.75/50.96 6.28 
Maing. 's.s5 0.010] 0.95| 0.13] 0.66] 1.55|10.60 


TALC no aus o 


9.60]83.82/14.15 


18.73 |25.14|21.61 
6.70] 7.43|69.70 


Sots 37.65 |18.07|10.62 


is added as a saturated solution, over- 
flowing from a lead-lined box. Lime is 

added in amounts to give a pH of 9.8 

to 10.0 in the zinc circuit feed. To ac- 
~ complish this, 2 to 6 Ib is added per ton 
of original feed, the average being about 
3 Ib. Cresylic acid and sodium ethyl 
xanthate are added to the pulp from the 
‘conditioner as it enters the No. 3 cell 
in the zinc circuit. Potassium amyl xan- 
- thate is added to the No. 6 cell and at 


times cresylic acid is added to the No. 6 
or No. 7 cell. 

Three laboratory concentrating tables 
are incorporated in the flotation flow- 
sheet; one on lead circuit tailing, one on 
finished zinc concentrate, and one on 
flotation final tailing. These pilot tables 
present at all times a reliable picture of the 
performance of the different circuits and 
enable the operator to quickly note chang-. 
ing conditions throughout the plant. 

Reagents are mixed on the day shift 
in quantities adequate for 24 hr of opera- 
tion. The mixing tanks~ are piped for 


TaBLE 2—Typical Screen Analyses of Mill 


Feed and Grinding Products 
PER Cent OF TOTAL WEIGHT 


. Mill |Mill Dis-/Classifier|Classifier 
Screen Size Feed charge Sand |Overflow 
Inch 
0.525 13.75 
Mesh 
4 43.62 12.94 
6 7.46 1.93 
8 4-79 1.40 
ro 3-74 1.24 
14 3-76 1.74 
20 2.93 2.19 30.85 
28 2.15 2.98 4.87 
35 1.91 4.98 7.22 
48 1.65 7.80 9.95 
65 1.56 10.97 12.70 4.01 
100 1.48 II.95 I2.41 6.58 
I50 1.38 8.47 8.08 10.19 
200 1.36 6.47 4.58 12.04 
8.46 24.94 9.44 67.18 


air agitation, and are conneced to smaller 
drums on the feeding floor lelow. Single 


and double » stainless-steel ‘eeders are 
used for all wet reagent feedingand 18-in. 
cone-type feeders for the dry reagents. 
Facilities for close measurenent and 
distribution of the various reagnts are 
very good. Table 4 summarizes nforma- 
tion on reagents for operations to cate. 


Concentrate Handling 


Finished lead and zinc concentrates 
flow by gravity to two 29-ft, 6-in. by 
11-ft thickeners which were constructed by 
installing mechanisms and superstructures 
on two Blaisdell tanks. The underflows 
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from the thickeners, at from 55 to 65 pct 
solids, are delivered by diaphragm pumps 
to’a three-disk filter for lead and a six-disk 
filter for zinc concentrate. The lead filter 
discharges. the concentrate directly into a 
storage bin of 200 tons capacity. The lead 


that type of car is being loaded. The zinc- 
concentrate storage bin has a capacity of 
4oo tons. Vacuum for filtering is normally 
maintained around 21 in. of mercury by a 
16 by 12-in. single-cylinder vacuum ‘pump, 
converted from an air compressor. The 


ly 4 , TABLE 3—<Screen Assay Analyses, Month Composite 


: Assays, Pct ~ Metal, Pct of Total 
“met, Screen Size, 
ne AMcaes Wt Pct , 
: Copper Lead Zinc Copper Lead | Zinc 
a ~ HEADS 
Tes On 65 3.40 0.22 0.74 3.91 1.03 0.40 1.07 
100 6.80 0.29 1.37 6.53 2.70 1.47 3.60 
‘ae 150 10.30 0.53 2.05 10.90 7.48 3-34 9.11 
200 13.00 0.54 2.68 14.20 9-53 5.50 14.97 
Through 200 66.50 0.87 8.50 13.21 79.26 89.29 71.25 
100.00 100.00 100.00 100.00 
phd as f LEAD CONCENTRATE 
On 65 | 0.10 15.33 8.85 3.50 0.32 0.03 0.05 
! 100 | 0.30 S343 8.85 3.50 0.97 0.05 0.15 
I50 { I.60 10.96 24.00 5-45 3.60 0.72 ory 
200 | 5.40 7.08 36.20 6.37 8.05 3.66 5.01 
Through 200 | 92.60 4.46 55-27 94 86.97 95-55 93.52 
100.00 100.00 100.00 100.00 
| Zinc CONCENTRATE 
On 65 | 0.60 1.65 7.88 39.53 te ES 1.70 0.45 
100 | 2.80 0.82 3.35 47.40 3.07 3.38 2.51 
150 / 59,20 0.80 3.45 48.63 9.81 11.44 8.46.11 
200 | 14.40 0.92 2.96 49.76 17.67 15.360 13.54 
Through 200 73.00 0.70 2.59 54-39 68.13 68.12 75.04 


oO. 0.9 
oO. oO. 
oO. vt 
nyt ds 209 12.00 0.19 0.890 
Through 20 64.50 0.15 0.904 
100.00 


ry F 

1, : 

my ; 

1.08 13-57, 11.07 10.60 

Tats 57.62 62.85 59.60 
100.00 100.00 100.00 


concentrite is‘conveyed from the bin by 
means df two connecting conveyors, 
which deliver the material to a car loader 
when lpading box cars, or over the side 
of gondola cars when that type of car is 
supplied. The zinc filter discharges con- 
centrate onto an 18-in. conveyor, which 
delivers the material to a bin for boxcar 
loading, or to a cross conveyor which dis- 
charges directly into a gondola car when 


overflows of the concentrate thickeners 
pass to settling ponds, which in turn 
produce waste overflows. 

Shortly after the start of operations 
and at the request of the smelters, the 
method of shipping concentrates was 
changed from boxcar to gondola ship- 
ments. This was the cause of some concern 
for it was thought that excessive losses 
in transit would result from the use, of 
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open gondola cars, especially with the 
zinc concentrate, for which the distance 
to the smelter is 1100 miles. 

Gondola shipments have proved entirely 
satisfactory, however, and now the gondola 
type of car is actually preferred to the 
boxcar for concentrate shipping. Of a 
total of 232 cars of zinc concentrate 
shipped to date, 191 were gondola cars, 


TABLE 4—Consumption of Reagents 


ye per a A 
‘on ‘oint oO: 
amor’ Ore Addition 
Milled 
Sodium cyanide,......... 0.67 | Ball mill 
Zinc sulphate (25.5 pct)...| 1.85 Ball mill 
Sodium carbonate........ 0.36 | Ball mill 
Thiocarbanalid........... 0.12 | Ball mill 
Tame (hydrate)'........:. 3.24 | Lead circuit tail- 
ing box 
Copper sulphate......... 1.78 | Lead circuit tail- 
4 3 ing box 
Gresylic acids... ccveccws ens 0.24 | Classifier overflow 
Zine circuit cells 
3 3 and 7 
Sodium ethyl xanthate....] 0.12 | Classifieroverflow 
Lead circuit cells 
7 and 10 


Zinc circuit cell 3 


Potassium amyl xanthate.| 0.05 | Zinc circuit cell 6 


and the average loss in transit for all 
shipments was 189 lb per car. 


Tailings Disposal 


Approximately two thirds of the total 
tonnage milled leaves the plant as waste 
tailing. This tailing pulp flows by gravity 
through a 6-in. line constructed of transite 
and wood pipe to an old tailing pond 
3200 ft from the mill. The pond has an 
area of approximately 2,500,000 sq ft 
and a border about ro ft high encloses 
the pond. No further border building 
will be required for a long time, so the mill 
tailing is simply spilled into the pond and a 


~ clear overflow drawn off through a weir. 


No tailing water is recovered. 


Sampling and Testing 


A sample of the crushed ore as it dis- 
charges into the storage bin is manually 
collected at 30-min. intervals. This sample 


is dried and the moisture content is 
applied to the mine-shipment scale weights 
for the dry-ore receipt figure. Weightometer 
tonnage, as ball-mill daily feed, is adjusted 
to meet the ore receipts. Shift samples 
are taken, at 30-min. intervals, of the 
flotation feed, lead concentrate, zinc con- 
centrate, and mill tailing. The feed and 
tailing samples are cut by electrically 


TaBLe 5—Power Distribution 


: Kw-hr per} Percent- 

Operation Ton Ore age of 

Milled Total 

Unloading and crushing..... I.42 6.95 
Grindings............005:, 9.79 48.07 
WiOtatiOn, s.ncatererae. ae51e0 6.60 32.38 
Concentrate handling....... 0.95 4.68 
Miscellaneous........-..+-+ 1.61 7.92 
Mo tale Svice ove vormbuavetenetonsts saci 20.37 100.00 


controlled automatic samplers and the 
concentrate samples are cut by hand. 
Lead and zinc concentrate shipment 
samples and car weights supply metal 
statistics for use in checking mill-produc- 
tion calculations. All sample pulps are 
prepared for assaying in the sample- 
preparation room at the mill and the 
sacked pulps are sent to the mine-assay 
office for assay. 


Dust Control 


Every effort is made to provide working 
conditions that are not injurious to the 
health of the employees. All chutes 
junction boxes, and crushing equipment 
are enclosed and connected to the dust- 
collecting system. Equipment for the 
control of dust created in crushing opera- 
tions consists of a 6500-cfm exhauster 
and a 7-ft dry collector. Dust settled in 
the collector is intermittently discharged 
onto the stream of ore conveyed to the 
fine-ore bin. In filtering lead concentrate, 
it developed that a small amount of the 
material, as fine dust, was carried back 
into the mill by an uprising current of 
air through the lead-concentrate stor- 
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age bin. A hooded enclosure around 
the filter, with connections to an ex- 
hauster, has proved effective in controlling 
this condition. 

In loading concentrates, some dust 
escapes around the loading area, and 
makes the matter of clean-up of great 
importance in minimizing the hazard of 
contamination by lead dust. The frequent 
washing of floors is insisted upon; also 
the wearing of rubberized gloves in 
performing certain concentrate-loading 
operations. 

Approved respirators are furnished to 
men engaged in unloading ore, in crushing 
or in loading concentrate. 


Mitr Data 


In Tables 1 to 5 are shown data covering 
results obtained from Nov. 17, 1945 to 
March 19, 1946. Since this four months’ 
period represents the break-in period of 


a new mill, subsequent operations will 
no doubt result in additional improvements 
in metallurgy. 


SUPPLEMENT 


Since the preparation of this article, 
the mill capacity has been doubled and the 
flowsheet for the zinc circuits changed. 
Doubling the capacity was effected through 
duplication of the original installation for 
fine grinding and flotation, addition of a 
75-ft thickener and an 8-ft 6-in. six-disk 
filter for handling zinc concentrate, and 
changes in the scheme for handling lead 
concentrate to provide for the greater 
tonnage of lead concentrate produced. 
Operations to date with the increased 
tonnage indicate a slight improvement 
in metallurgy. Recoveries of all metals are 
approximately the same as shown in the 
preceding data and grade of the zinc 
concentrate has been raised. 


_ Milling Practices at Concentrator of Morenci Reduction Works 


By B. H. Copy,* Memper AIME 


THE Morenci concentrator of the Phelps 
Dodge Corporation is a part of the project 
that was completed after five years had 
been spent in development of the open-pit 
mine, equipment and process testing in the 
former No. 6 concentrator, and construc- 
tion of the reduction works. The reduction 
works, of which the concentrator is a part, 
is about a mile and a quarter southeast of 
Morenci, on the highway that leads up 
Morenci Canyon. 

The concentrator has a nominal capacity 
for the treatment of 45,000 tons of ore 
daily. The original plant, which has a rated 
capacity of 25,000 tons of ore daily and is 
now in its fifth year of operation, began 
production on Jan. 30, 1942. The addition, 
to increase the capacity 80 pct, began oper- 
ation on Dec. 1, 1943. 

The equipment of the original plant has 
been described in Mrninc AND METAL- 
LuRGY (May 1942). No changes in equip- 
ment were recommended for installation 
in the concentrator extension and only 
one major change, forced by a shortage of 


maintenance labor, has since been made. 


_ Metallurgical treatment has been altered 


in some ways as experiments progressed 
and as labor and economic conditions 
dictated. 

No complete description of the operation 


of the concentrator has been published, so 


_ July 1947. 


this paper will record such operating and 


_- equipment changes as have been necessary, 


the operating methods that have been 


Presented at the Arizona Section Meeting, 
Tucson, Oct. 28-30, 1946. Manuscript received 
at the office of the Institute Nov. 19, 1946. 
Issued as TP 2194 in Mininc TECHNOLOGY, 


Dodge Morenci, 


* Phelps Corporation, 


Arizona. 


developed and the metallurgical results 
that have been obtained. Descriptions are 
given in the order of the processes with a 
flowsheet and an equipment list of each 
process for convenient reference. The 
questions asked by engineer visitors have 
guided the detail in which operation and 
maintenance are described. 

During the period Jan. 30, 1942 to 
Sept. 1, 1946, ore milled has totaled 
43,595,253 dry tons, from which 1,643,885 
tons of concentrate have been made, con- 
taining an indicated production of 783,164,- 
809 lb of copper. The principal results 
obtained in operation of the concentrator 
during the years 1942 to 1945, inclusive, 
and to Sept. 1, 1946 are shown in Table 1. 
A graphic general flowsheet of the plant is 
given in Fig r. 


ORE 


The Morenci ore that is now being 
treated is a medium-hard monzonite 
porphyry in which the principal sulphide 
minerals are chalcocite and pyrite. A 
minor amount of covellite is present. 
Chalcopyrite and bornite have been ob- 
served under the microscope. 

The chalcocite occurs mainly as a coating 
on pyrite. Some of the coatings are so thick 
that the pyrite presents the appearance of 
being an inclusion in chalcocite. Some are 
less than one micron thick and are barely 
visible at 500 diameters magnification of a 
polished cross section. Some chalcocite is 
present as a dissemination in the gangue. 

Various oxidized copper minerals are 
present as a result of oxidation in place but 
they represent a minor proportion of the 
copper minerals of the ore body. Oxidation 
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of some of the copper in ore near old 
stoping areas is relatively high but is not 
large in quantity. The bulk of the oxidized 
copper is formed subsequent to the break- 
ing of the ore, particularly during the 
simultaneous occurrence of heat and 
humidity. Unaltered ore contains about 
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cause a further increase in oxidation, until 
the proportion is nearly double the original 
oxidized copper content. 

The gangue varies from a soft type in 
which the feldspars are highly altered to 


hard ore in which no alteration has oc-. 


curred. As delivered at the concentrator 


TABLE 1—Summary of Operating Results 


Data 1942 


Dry tons. ore tretiteds. csr. o« blaine a eiete tye ale otro le 
Percentage of Moisture. cic: cscs cs ecco on 
Dry tons per operating day.. 
Dry tons per mill per 24 br. ..6. oe eee wes 
Assays: 
Feed, pct: 
MOtAL COPPEH ihe acco hikhe ea «ra See ao Maer 
Oxide CODE. rez.c pe wicle sl sielt we wecica cuneate 


Concentrate, pct: 
COpper: sorte eters Raa ehe oy iieteMenste) sve ateea eve 
insoluble ss seems hoes he oe aiee d 
DLO eheiy ofctcncre se chetuete Sore oe etal ea eres 


Tailing, pct: 
PLOtAL CODD ER Vailin Carentan eats siete 
Salobide copperas anus aus cic iecs rele eels 
Ratorof concentration scsecms.. case sates cise 
Extractions, pct: 
Total copper........ Se ocaiete ses Sine d emincentate’ 
Sulphidescappers s.isla aac Melajaatise aiturafa pleats 


Labor: 
Man-shifts per day sces-saute crdelers eit cranete ouete 
Dry tons treated per man-shift............. 
Fresh water: 
Gallons per ton ore vir ac..cus ema fe tvocuseters there 
Power, kw-hr: 
Crushing 3... lc 
GTIGGINO cies 'sscas eines b)etalnreteians Ah eats ee 
PSL ALIOTL Stars sia bini es hula tatoustane sere a. witialneeee usd 


PROtAL: Mk Rehsten Meroe seiner ane 
Reagents, lb per ton ore: 
Che mipals hai, erin Wc tor ayeieheynie ortrertevsiee nine th 


Grinding mill steel, lb per ton ore: 
Monged MALS wet Me nie feats te terenteee en: 
Cast iran iball st, staute tases Gictcl erent baanete ie 
TAR GUB ened ate aisttes acelin ears at iacaiy Giese¥ohs OR wt 


5 pct of the copper in an oxidized condition, 
mainly as imperceptible coatings on the 
chalcocite. Additional oxidation by weath- 
ering begins when the ore is broken and 
continues until the ore is delivered to the 
crushing plants. Little additional oxidation 
occurs in crushing because of the short time 
of residence. The higher temperatures pro- 
duced in the wet-grinding process then 


7,592,246 


1943 1944 


10,390,862 
.46 


11,265,526 
3-19 
35,992 


9,577:595 
2.74 


the ore varies in iron content from 2.5 to 
5 pct and the copper content from 0.85 to 


1.55 pct. 
The average total copper content of the 


ore milled during the period Jan. 30, 1942 


to Sept. 1, 1946 has been 1.048 pct, of 
which 0.092 pct copper was present as 
oxidized minerals. The analysis of the ore 
milled during 1945 is as follows: 


: 


B. H. CODY 


PER CENT 
Motalscoppertnc see ce oe: Tes 
Oxide’coppersemasscie aa ©. 1 
Sulphide copperasce. «ee 1.04 
SUL CAm em ar ao etei eee s0e ue 65.2 
Al INNA Seer tec asus acl 17.9 
erorahecieh couertratics taei ce pores es Bete 
NEU SG eter ir consartels. 6 cious 0.2 
Sul lumens isco v0 ss 3.07 

Oz PER TON 
Goldie, Bey towers fae 0.0013 
SHlNGih, ieee re arenamratt aac o 0.051 


The calculated sulphide-mineral con- 
tents of the ore are 1.30 pct chalcocite and 
5.26 pct pyrite. The weight of pyrite is 
more than four times the amount of 
chalcocite. The proportion of oxidized cop- 
per is 9.57 pct of the total copper. 


PRIMARY CRUSHING 


The flowsheet of the primary crushing 
process is shown in Fig 2. 

Mine cars contain an average of 85 dry 
tons of ore. Dumping is against an ore 
pocket above the grizzly. It is specified to 
be at the rate of one car evety 134 min. 
A protected concrete wall supports the 
railroad bridge and divides the ore flow 
to both sections of the grizzly and to the 


two sides of the crusher. 


No delays of consequence have occurred 
as a result of coarse rock lodging above the 


grizzly. The ore contains approximately 


3.5 pct moisture and, except when the 
moisture content is above 5 or 6 pct, the 


angle of repose in the dumping pocket lies 


between 40° and 50°. The angle of repose 
may become as high as 75° when wet ore is 
received. Alternate receipt of coarse and 
fine rock then assists in clearing the pocket. 
Provision was made in the design for 
the installation of chain feeders above the 


“grizzly, with the object of regulating the 


rate of feed to the gyratory crusher and 


_ increasing the efficiency of the grizzly, but 


the necessity for them has not arisen. 


Choking of the gyratory crusher by large 


rock occurs but, jams are easily broken, by 


the use of a collapsible hook attached to a 
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1o-ton traveling crane immediately above 
the crusher, beneath the top-floor hatch 
covers. The ore travels across the grizzly 
rapidly. About 25 pct of the material 
passes through the openings and this 
constitutes a major portion of the under- 
size in the run-of-mine ore. The crusher has 
ample capacity, so high efficiency of the 
grizzly is not necessary. 

The 60-in. gyratory crusher is driven by 
a 500-hp wound-rotor induction motor. 
The motor has a rated speed of 265 rpm. 
For the amount of ore that has been 
crushed, liner replacements in the crusher 
have been few. After 24 million tons of ore 
had been crushed, the lower tier of the 
lower concave liners was replaced; after 
42 million tons of ore, 11 liners of the upper 
tier of the lower concaves and 9g liners of 
the lower tier of the upper concaves were 
replaced in the sides of the crusher bowl, 
where principal impact of the ore occurs. 
The concave liners under the crusher spider 
do not receive heavy wear because of the 
diversion of the ore by the dumping- 
pocket dividing wall and the spider. Re- 
placement of the mantle liners is scheduled 
for the near future. 

The repair facilities provided have aided 
the efficiency of the work. The eccentric 
can be lowered for inspection and replaced 
in 8 to ro hr by means of the hydraulic 
jack. The hook of the 1oo-ton crane can be 
lowered through hatchways to all floors of 
the crusher building to handle heavy parts. 
A freight elevator of 5 tons capacity is 
useful for the transportation of small 
supplies and workmen. 

The gravity-feed lubrication system pro- 
vided for the gyratory crusher has per- 
formed satisfactorily. The amount of oil 
in use in the system is about 3500 gal. The 
lubricant is a straight mineral oil of 30 
SAE made from napthenic stock. It has 
the following properties: flash point, 
360°F; fire point, 410°F; Saybolt viscosity, 


515 sec. at 100°F, All cleaning of the oil 


is done about three times each month by 
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PRIMARY CRUSHING PLANT 


DUMP CARS FROM PIT 


OF MORENCI REDUCTION WORKS 


SECONDARY CRUSHING PLANT 


(40 Cu. Yds.- 85 Ton Capacity) (ee 
yi | 
aad A | 
A 
GRIZZLY (7 In Openings) oy COARSE ORE STORAGE | 
eee] SY 
‘ oy Fe aitpene 
| ay (GiES, 
IGYRATORY CRUSHER, 9 ____4 {SIXTEEN PAN FEEDERS 
601" Entrance Opening) Rove ei (4H. Wide) 
! SY FOUR GRIZZLIES (2 In Openings) 
f: 
| LS), | i : 
| a | | | 
| Ro | 1FOUR 7FT. STANDARD CONE CRUSHERS 
| 2 Sf AN (3 ln. Discharge Openings) 
\ 
Bf 4 SIXTEEN VIBRATING SCREENS 
TWO PAN FEEDERS (6 Fi Wide) ree SS X ki Gpeticc) 
pansiaiabdiien agi t 
H pre aAR, awe 7 FT. SHORTHEAD 
FINE Ss I, Zs CONE CRUSHERS 
ORE Seice scat Dat rao ee art (kin. Discharge Openings) 
STORAGE 
FRESH WATER CONCENTRATOR _ ____RECLAIMED_WATER __ 
FROM RESERVOIR | FEED WATER TANKS 


-<—-—__ - + 


SECONDARY 


‘PRIMARY CLEAN. 
FLOTATION 


27 BALL MILLS (Grate Discharge) 
| _(72Cells) 


54 SPIRALTYPE CLASSIFIERS 


= a  — e— — — 


i Se ee 
SECONDARY CLEANING 
FLOTATION (100 Cells) 


SIX SPIRAL TYPE CLASSIFIEBS bows 


SIX REGRINDING 
BALL MILLS 
Overt tons Discharge) 


ayo FA Bee oi 


FINAL CONCENTRATE 


—r 


SIX 
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Fic 1—CONCENTRATOR FLOWSHEET, MoRENcI REDUCTION WorKs. 


(400,000 Gal. Total Capacity 
3 Reclaimed Water- | Fresh Water) 


| [Mecnanica ROUGHING FLOTATION MACHINES (432Celis) 
INS 


RECLAIMED WATER 
STORAGE TANK 
(1,000,000 Gal. Cap) | 


SEVEN TAILING THICKENERS 
Five -300 Ft. Dia 
Two -325 Ft Dia 


SEVEN FILTERS 
(Seven 64 Ft. Dia. Discs in Each) 


ee 


, 
OE i a 
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_ centrifuging. The oil is heated to temper- 
atures between go° and 100°F for feeding 
to the crusher at flows varying from 25 to 
35 gpm. Separate lubrication is provided 
for the crusher spider. 


Side- dump mine cars 


Grizzl 


Oversize 


28 


Gyratory crusher 


Undersize 


Pan feed aca 


a 


_Primary ore bin_ 

_ Fic 2—FLOWSHEET OF PRIMARY CRUSHING. 

Side-dump cars have capacities of 40 and 
43 cu yd. 

Grizzly is manganese dressed, 40° inclina- 
_ tion, 40 by 16 ft area, 7-in. openings, 35 pct 
_ open area. 

-There is one 60-in. gyratory crusher; two 
pan feeders, 72 in. wide, 38 ft between shafts; 
two 54-in. ro-ply- belting conveyors running at 
475 ft per min., 15° inclination. 

"The ore bin holds 23,000 tons (nominal). 


Power consumption by the gyratory 
crusher and the lubrication system has 
~ been low (Table 2). The average amount of 
ore crushed by the primary crushing plant 
per hour of operation is shown also in 
_ Table 2. 

TaBLE 2—Power Consumption 


Percentage 
Baa rote | cto.) TBR 
og Mille Concentrator Crushed 
Consumption 
1942 0.06 0.47 3,773 
pee | sek | sae | 3a 
e% 9. ° . ’ 
1945 . 0.04 0.28 3,230 


_ The lower average for the year 1945 was 
caused by time for repairing the conveyor 
belt, when the crushing rate was limited to 
the capacity of one conveyor. 

_ Feeding of the conveyors is regulated by 


the speed of the pan feeders. These feeders 
are always shut down with an ore load upon 
them, in order to seal the dust-control 
system for proper operation. Though the 
pan feeders are equipped with a variable- 
speed drive up to 39 ft per minute, they are 
set permanently to operate at their lowest 
speed of 30 fpm. 

The manganese-steel chain links and 
rollers originally provided on the pan 
feeders were too light, and breakage caused 
considerable interruption of production. 
The links were redesigned by the manu- 
facturer to apply additional metal where 
possible without alteration of the design of 
the entire feeder. The two-piece rollers 
were replaced by rollers built in one piece. 
The strengthening of the links and the new 
design of the rollers apparently have been 
successful in eliminating interruptions of 
operation due to chain breakage. 

The spill conveyors with which the pan 
feeders are equipped have been worth the 
installation cost by saving labor necessary 
for clean-up work. Auxiliary conveyors to 
deliver spillage to the main conveyor 
farthest from the pan feeders have been 
installed since operation of the plant began. 

The pan feeders discharge into ore 
pockets from which the ore flows across 
finger grizzlies and drops about 18 in. to 
the conveyor belts. Impact idlers are lo- 
cated under the loading points. The loading 
arrangement has protected the belts from 
cutting at the loading point but there has 
been some damage to the belts caused by 
ore jams, which form in the discharge 
chutes of the tripper cars when wet ore is 
received. The recent installation of iron 
detectors on these two conveyors decreases 
the damage due to tramp iron without 
causing many interruptions of crushing- 
plant operation. Though the belts have 
vulcanized splices, the inferior quality of 
the materials available because of the 
shortage of natural rubber products for 
splicing has caused an abnormally large 
number of splice failures. During the 
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repair of a conveyor belt the production 
rate of the primary crushing plant is 
limited to the capacity of one conveyor. 
The conveyors are equipped with roller- 
type holdbacks, which have been reliable 
and have required little maintenance. 

The tripper cars have an unusually long 
wheelbase (25 ft) to minimize conveyor- 
belt misalignment caused by weaving of 
the tripper cars upon the rails. They are 
equipped with solenoid-operated motor 
brakes. 

The primary crushing plant operates on a 
24-hr schedule except when a day shift 
that is convenient to both pit and concen- 
trator operations is utilized for minor repair 
work. Major repairs are made if possible 
when the plants are not scheduled to 
operate. Operation of the primary crush- 
ing plant is done by four men on each 
shift, exclusive of the dumping of the ore 
by the train crew. One man is stationed 
at the control board on the top, or dump- 
ing, floor. He can start or stop the gyratory 
crusher and can stop any major equipment 
used in the primary crushing process. An 
electrical horn-signal system connects prin- 
cipal locations, through which operators 
can be informed by the dumping-floor 
operator of the arrival or departure of 
trains. All equipment except that for 
lubrication or dust control is shut down 
when no ore train is waiting to enter the 
crushing plant. This causes some wear of 
switch gear but saving in power and de- 
creased wear of other equipment more than 
compensates for the extra maintenance of 
control equipment. 

A second operator is stationed on the 
fourth, or crusher drive, floor, where he 
observes the crusher discharge and the 
amount of ore in the surge pockets above 
the pan feeders. When the load in the 
pockets is at the correct stage he signals the 
operator on the dumping floor that a car- 
load can be dumped. If delays in dumping 
occur he can start and stop operation of the 
pan feeders on the second floor. He notes 
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the flow of lubricating oil and its temper- 
ature and can observe the crusher power 
requirement, which is shown by ammeters 
in the electrical control room on that 
floor. 

A crusher operator-helper is stationed on 
the second, or pan-feeder, floor. His duties 
are the observation of the operation of the 
pan feeders and of the feed end of the 
conveyor belts. 

A tripper-car operator works at the 
discharges of the conveyors in the super- 
structure of the primary ore bin on dis- 
tribution of the ore in the bin. It has not 
been possible to make uniform distribution 
of the ore by continuous travel of the 
tripper car. Repair delays in the secondary 
crushing plant cause irregular withdrawal 
of ore from the bins, thus leaving high and 
low spots in the ore bed. Starting and 
stopping of the conveyors and moving of 
the tripper cars is controlled by this 
operator. 

All operating floors within the primary 
crusher building are kept under low pres- 
sure by a washed-air ventilating system 
and the crushing spaces are under. low 
suction from the dust-control system. As a 
consequence, the operators’ stations are 
relatively free of dust, and atmospheric 
conditions in the building, particularly in 
warm weather, are excellent. A dust-sealing 
curtain planned for the dumping pocket 
was not installed because material was 
unavailable. It is not now necessary 
because sufficient flow of air into the 
dumping pocket is produced by the dust- 
control system to prevent much dust from 
escaping. 

SECONDARY CRUSHING 


h 


The secondary crushing plant is unusual 
in the very compact arrangement of the 
equipment (Fig 3). It is divided into two 
principal sections, each including two com- 
plete crushing units. One section of two 
units prepares and delivers ore to the 
original part.of the concentrator. The other 


B. H. CODY 47 


section delivers crushed ore to the concen- 
trator extension. One of the two units of 
this section can deliver ore to either part of 
the concentrator. Each secondary crushing 


the grizzly oversize product passes directly 
into the standard cone crushers. Two worn 
manganese-steel ball-mill shell liners are 
swung over each standard cone crusher to 
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Secondary ore bins 
Fic 3—FLOWSHEET OF SECONDARY CRUSHING. 


The ore bin holds 23,000 tons (nominal). 


é There are 16 pan feeders, 48 in. wide, 13 ft between shafts; four 60-in. belt conveyors; four 
- grizzlies, each 414 by 11 ft, made of manganese-steel bars with 2-in. openings, 40° inclination and 


four standard 7-ft cone crushers. 


There are 16 deck vibrating screens, 5 by ro ft; 1}4g-in. openings, 25° inclination, and eight 


_7-ft shorthead cone crushers. 
Two series of 54-inch belts. 
Suspended type 29,000 tons (nominal). 


unit includes the following major items of 
equipment: pan feeders, 4; feeder con- 
_ yeyor, 6o-in. belt, 1; grizzly, 1;.standard 
‘cone crusher, 1; vibrating screens, 4; 
~shorthead cone crushers, 2. 
The discharges of the pan feeders pass 
over finger grizzlies before dropping on the 
~ conveyor belts, which are supported at the 
loading point by impact idlers. The ro-in. 
‘size of ore is discharged by the conveyors 
into ore pockets preceding the grizzlies and 


divert the grizzly product vertically down- 
ward to the crusher feed plate. 

The grizzlies were installed to replace 
four 6 by 14-ft rod, deck vibrating screens, 
which were equipped with 1}4-in. diameter 
rods having 2-in. spaces between. Though 
the screens were more efficient than the 
grizzlies and fewer rock jams occurred 
upon them, the amount of maintenance 
labor required to keep them in operation 
was more than was available in the period 
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of labor shortage during World War II. 
The spacing between the manganese-steel 
bars of the grizzlies tapers from 2}4 in. 
at the bottom to 2 in. at the top and the 
deck has an inclination of 40°. The con- 
tinuity of operation and ease of mainte- 
nance of the grizzlies has been satisfactory 
and the standard cone crushers have been 
able to handle the oversize product, so it 
is doubtful whether the screens will be re- 
turned to service. This has been the only 
major change of equipment of the Morenci 
concentrator. 

The 7-ft standard cone crushers are set 
to an opening of 114 in. They crush the 
10-in. feed to a nominal 2-in. product size, 
which is discharged upon two 5 by to-ft 
vibrating screens set at an inclination of 
25°. The grizzly undersize discharges onto 
two similar screens. The screen decks 
are equipped with rods 14 in. in diameter 
by 29 in. long, set across the screen in two 
panels with 134 .-in. openings between the 
rods. Changing of rods is not difficult. They 
are mounted in rubber spacers to make 
assemblies of 10 rods each. The assemblies 
are held under a central member of the 
screen bed and clamped at the outside edge 
of the bed. A support along the center line 
of each half of the screen causes the bed to 
be slightly arched. Screening action is 
efficient on ore containing less than 6 pct 
moisture, and the vibratory action is 
strong enough to move wet ore over the 
screen bed. 

The undersize of the screens is divided to 
feed two 7-ft shorthead cone crushers, 
which are set at openings of 3g to }4 in. 
As the hardness of the ore varies consider- 
ably, the frequency of adjustment varies 
from one to five 24-hr periods. All cone 
crushers are driven at 446 rpm by 300-hp, 
900 rpm synchronous motors through 18 
E-section V-belts. 

Two systems of 54-in. conveyors deliver 
the ore to the two secondary ore bins of the 
concentrator. One conveyor of each series 
is equipped with a stationary magnet, 


which collects tramp iron that escapes from 
the secondary crushing plant. These mag- 
nets have been useful in decreasing damage 
to the feeder belts of the grinding section. 
One of each series of conveyors is also 
equipped with a conveyor scale having a 
remote indicator at the operator’s stand of 
the shorthead cone crusher. 

Inclined portions of all conveyors of the 
secondary crushing plant are built on a 
slope of 20°. The relatively steep slope 
causes some spillage at the feeding points 
until the load has increased to normal but 
when uniform operating conditions have 
been established the amount of spill is not 
great. All inclined conveyors are equipped 
with roller-type holdbacks. 

There are two gravity-feed lubrication 
systems, each providing lubricant for the 
crushers of two secondary crushing units. 
A supply of about 10,000 gal of lubricant is 
maintained in each system. The flow to 
each cone crusher varies from 40 to 50 gpm 
at temperatures of 90° to 100°F. The same 
type of oil is used to lubricate the cone 
crushers that is used for the gyratory 
crusher. Centrifuge cleaning of the oil is 
done on alternate days for each system. 
One man is assigned continuously to that 
duty. 

The secondary crushing plant has no defi- 
nite schedule of operation. Operating times 
of the various units are governed by repairs 
that are necessary and ore supply or capac- 
ity available in the primary and secondary 
ore bins. Operation of one or more units is 
in progress most of 24 hr daily. 

Seven men on each shift are required for 
operation of the secondary crushing plant. 
Two men observe the operation of the 
feeder conveyor belts, the grizzlies and the 
standard cone crushers. They can stop and 
start the conveyor belts when grizzly or 
crusher chokeups occur. Two men operate 
the shorthead crushers and screens. Control 
panels for each of the four secondary crush- 
ing units are on the shorthead crusher floor 
and by these the operator of the shorthead 
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cone crusher can vary the speed of the pan 
feeders and the stopping or starting of all 
equipment of two crushing units. Ammeters 
showing the power requirements of all the 
cone crushers of two units are visible from 
the operator’s station. He also observes the 
loading of the discharge conveyors as 
shown by the remote indicator connected 
with the conveyor scales. Two men operate 
the tripper cars to distribute the crushed 
ore in the secondary ore bins, One man 
attends to the gravity-fed lubrication sys- 
tem and acts as an extra operator. A shift 
___ boss, who is responsible to the concentrator 
shift foreman only for ore supply, super- 
vises the operation of both primary and 
secondary crushing plants. 
The unit power consumed by the second- 
ary crushing process is composed of the 
items shown in Table 3. 


TABLE 3—Power Consumption, Secondary 
Crushing 


Kw-hr per Ton Percentage of Total 


. Concentrator 
Ore Milled Consumption 
Year 

Crush-| Con- ee Crush-] Con- Sot 
ers |veyors| (oous| eFS |VeY°TS! neous 
2. 0.75 
2.61 | 0.90 
2.69 | 0.90 
2.85 | 1.02 


Crusher power includes only the amounts 
‘ consumed by the cone crushers and their 
- Jubrication systems. Conveying power is 
that consumed by all conveyors and pan 
feeders of both the primary and secondary 
crushing plants. Power consumption of 
screening, dust control, shop and lighting 
of the crushing plants is included under 
_ Miscellaneous. 
< A repair area is provided at one end of 
# the secondary crushing plant. Two 30-ton 
cranes serve the shop and crushing plant. 
x The-screen analysis of the product of the 
secondary crushing plant is shown in Table 


4 together with the average crushing rate 
of each of the four units of the plant. 


TABLE 4—Screen Analysis and Crushing 
Rate 


Screen Analysis 


Percentage of Crushing 
Each Size Year T aes 
‘ons per 
Screen Hour 
Size 
Indivi- | Cumula- 
dual tive 
Inch: 1942 869 
On 1.050 14.5 14.5 | 1943 925 
0.525 43.2 57-7 | 1944 828 
Mesh I945 726 
On 4 27.2 84.9 
65 10.2 95.1 
200 2.1 97.2 
Through 200 2.8 100.0 


The average for the four years is 826 tons 
per unit hour. The decrease in the year 1945 
was caused by operation of incomplete 
units because of the shortage of mainte- 
nance labor. 

The four principal dust-control systems 
of the secondary crushing plant and the 
single unit of the primary crushing plant 
are of the same type. Following the hooding 
at the dust-disseminating locations, and 
connected with them by the air ducts, is a 
cyclonic dry-dust collector under suction 
from a fan that discharges into a cylindrical 
spray chamber in which cyclonic action 
causes the impingement of the finer dust 
particles upon a water-washed interior 
labyrinth of walls. Dry dust is returned 
through trap valves to a conveyor. The 
wet sludge from almost all the systems 
flows to a pumping unit, by which it is 
forced through piping to several classifiers 
of the grinding section. 

The collecting hoods are designed to 
spread the air intake over a large area by 
the use of conical or pyramidal tops. The 
entrance of the air into the ducts is at a suf- 
ficient distance from the point of greatest 
turbulence so that only the smaller dust 
particles enter the ducts. Enough air is 
drawn into the hoods to prevent exit of 
coarse or fine dust particles. 
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By limiting the size of the dust particles 
that enter the ducts, the wear resulting 
from transportation of the dust is kept at 
the minimum and permits the use of low 


Secondary ore bins 
Conveyors 


Sal mills 


Classifiers 


Overflow 


Flotation-feed distributor 


Fic 4—GRINDING FLOWSHEET. 

The ore bins are suspended type, 29,000 tons 
(nominal). 

There are 27 feeder conveyors, 36 in. wide, 
and 27 weighing conveyors, 24 in. wide. 

The 27 ball mills are grate type 10 by 1014 
ft., and the 54 duplex 54-in. classifiers are sub- 
merged-spiral type. 

Tanks are rectangular, 368 and sro cu ft, 
respectively. 


air velocities in the ducts. The low velocity 
assists in decreasing wear and keeps the 
static resistance of the duct systems at the 
minimum. Notwithstanding these precau- 
tions, wear occurs at bends or at points of 
turbulence and resistance to wear at those 
places is increased by the application of a 
plastic rubber compound, which has been 
successfully used also in protecting fan- 
impeller blades. 

Smaller dust-control units are placed at 
isolated dust-dissemination points. They 
may include both dry and wet collectors or 
wet collectors only. The total volumetric 
capacity of all the dust control systems of 
the concentrator is 143,550 cu ft per 
minute. 

Clean-up of ore spills by shoveling un- 
avoidably results in the production of dust 
in the air, but sweeping is avoided where 
possible by the use of a semipermanent vac- 
uum-cleaning system. A large portable vac- 
uum cleaner was provided for the crushing 


plants but transportation of the unit re- 
quired so much manipulation that time 
available for cleaning was short. By install- 
ing the vacuum cleaner in a permanent 
location, where it was connected to a vac- 
uum piping system equipped with self-clos- 
ing inlet valves, the use of the system 
required only the transportation of the vac- 
uum-cleaning nozzles and hoses. The time 
available for cleaning was increased and a 
steadier vacuum was secured. Installation 
of a stationary large-capacity unit to re- 
place the portable vacuum cleaner is 
planned. 

Maintenance, repair, testing and im- 
provement of the dust-control units are 
done under the direction of a dust-control 
engineer, an assistant, a repair mechanic 
and a helper. The mechanical crew is as- 
signed to continuous duty on maintenance, 
repair and minor alterations of all the dust- 
control systems. Dust counts are made 
periodically and systematic efficiency tests 
record the performance of the units. Regu- 
lar inspections are made weekly by the 
dust-control engineer in company with the 
repair mechanic. 


GRINDING 


Except for the return of reclaimed water, 
the concentration processes beginning with 
grinding (Fig 4) are divided into two sep- 
arate plants having equipment in propor- 
tion to the 16 grinding mills of the original 
plant and the 11 mills of the extension. 
Each of the 27 grinding units consists of 
one grinding mill and two classifiers as 
principal equipment. Ore for each unit is 
drawn from the bin through one or more of 
four horizontal feeder gates and is dis- 
charged upon a feeder conveyor driven by 
a variable-speed direct-current motor. 
From the feeder conveyor it. is transferred 
to a weighing conveyor, which delivers the 
ore to the grinding-mill scoop housing. All 
new feed to the grinding units and the cir- 
culating sand load from the classifiers enters 
the grinding mill through the double-en- 


y. 


eo ee 
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trance scoop. The central drum-feeder 
portion of the scoop is used only for the 
addition of grinding balls. 

Conveyor scales weigh the feed to the 
grinding mills and when set to a desired 
rate of feed regulate the speed of the feeder 
conveyors through a series of relays. The 
scale is electrical in principle and is depend- 
ent upon frictional contact at only one 
point, where an idler resting upon the 
return portion of the conveyor belt trans- 
mits the belt speed effect to the scale head 
through synchronously acting motors. The 


2 scales have met all requirements of accu- 
_ racy and can be easily tested and repaired. 


In addition to a conveyor scale for each 


grinding mill, watt meters are available for 


most mills. Meter sockets have been pro- 


_ vided so that meters can be plugged in to 


determine the power consumption. Accu- 
rate capacity and power-consumption tests 
can therefore be made on any mill. The 


_ pall-mill shells are roft in diameter by 1014 


ft long inside the liners and are driven at 18 
rpm by 800-hp, 257-rpm synchronous 
motors. 

The grinding-mill discharge flows from 
the trunnion level through a launder built 


~ ona slope of 34 in. per foot to the classifier 


feed entrance. Enough water is added at 
the mill discharge to dilute it to not less 


than 50 pct solids. Classification of sand 


and gravel occurs in the launder when the 


solid content is less than that figure. In 


order to repulp the feed for classification, 


- the grinding-mill discharge is fed to the 
classifier upon a stream of water added from 
a jacket in the corner of the turn of the 


launder. Turning vanes in the launder at 


the classifier feed entrance introduce the 


feed at 90° to the pool. Hydraulic classifica- 


tion traps in the launders near the mill-dis- 


charge receiving box remove scrap balls 
_ from the grinding circuit. 


‘The operating characteristics of the sub- 
merged-spiral type of classifier have been 


. satisfactory. The 54-in. diameter duplex 
_ spirals operate at 5 rpm and little agitation 


is evident in the pool at that speed. The 
area of the pool to the point where the sand 
emerges is 192 sq ft and the maximum ver- 
tical depth is 6 ft ro in. The classifiers are 
set on a slope of 33¢ in. per foot. The sand 
load of the spirals is 400 to 500 pct of the 
weight of the new feed. 

The grinding-mill feed is nominally 34 in. 
in size but varies from 14 to 1 in. in maxi- 
mum size of ore particle. The product of 
the grinding units is kept at about 4 pct on 
65-mesh or 16 pct on too-mesh, which 
yields about 62 pct of sizes smaller than 
200-mesh. Periodic screen tests and deter- 
mination of the solid content of the classi- 
fier overflows by the operators keep the 
product size close to the required figure. 
Flow of lime hydrate to each grinding mill 
is controlled by the operator, to keep the 
grinding circuit alkaline and the alkalinity 
at the correct point for flotation. The grind- 
ing bosses regulate the addition of collector 
reagent to each grinding mill to a specific 
figure. 

One man operates four grinding units 
under the direction of an assistant shift 
boss, who is in charge of either 11 or 16 
grinding units, according to the section of 
the concentrator in which he works. Two 
employees attend and regulate the two 
lubrication systems of the grinding mills. 
This permits the operators to give complete 
attention to the problems of their work. 
Nine workmen and two bosses are there- 
fore required on each shift for capacity 
operation. 

The production of the grinding units has 
varied considerably. In addition to changes 
of the ore in regard to grindability or re- 
sponse to classification, labor efficiency, 
feed screen analysis, mill ball loads and 
interruptions of operation for repair work, 
have all had either adverse or beneficial 
effects. 

Average grinding data are shown in 
Table 5. Power figures include amounts re- 
quired by feeder conveyors, grinding and 
classification. 
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TABLE 5—Average Grinding Data 


Feed, Pct |Product, Pct 


Year 


On 
200/On 65|— 200 
ree Mesh: Mesh} Mesh 


During July 1946 an average unit pro- 
duction of 1846 tons per 24 hr was obtained 
from each mill from feed containing 32.8 
pet of plus }4-in. sizes with a power con- 
sumption of 7.77 kw-hr per ton of ore 
milled. 

During the war years it was necessary to 
employ women to operate the grinding sec- 
tions. The work was heavier than their 
physical capabilities would enable them to 
perform and the principles of the grinding 
operation were beyond the understanding 
of most of them. Any efforts made to 
maintain the production. per unit at the 
maximum possible usually resulted in over- 
loading and spillage. The unit production 
rate has shown progressive increase in 1946 
as more male labor has become available for 
operation and maintenance of crushing and 
grinding equipment. 

Forged heat-treated alloy-steel balls of 
3-in. diameter are used in the grinding 
mills. The use of 214-in. balls is being tested 
in four mills. Results to Aug. 1, 1946 are 
compared in Table 6 with those from two 
mills to which 3-in. balls are being added. 
The test had been in progress for more than 


TABLE 6—Efficiency of Balls 


a7§- roe 3-inch 


Operation Balls 


Dry tons milled per 24 hr....... 


1,760 1,769 
‘web? per tone nc: coe ores see 7.84 7.88 
Tons ground through 65-mesh per 
AAA egietand oisiaenbr ct sve, ata : 1,56 
Tons ground threvat: noose ss ey 
per 24 hr.. a}: -E, 132 1,034 
poh EN eS Sree EE NEE Bae see 
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four months when these data were assem- — 


bled. For the same tonnage ground per day 
to the usual fineness the 214-in. balls pro- 
duced finer grinding. An extensive investi- 
gation of ball rationing is contemplated. 
Consumption of alloy-steel balls has aver- 
aged 1.5 lb per ton of ore ground during 
the years 1942 to 1945, inclusive. 

The unique method provided in the orig- 


inal design for handling grinding balls has © 


been very successful. The balls are unloaded 
from railroad cars by magnet into over- 
head bins, from which they flow by gravity 


through counterbalanced gate spouts to a _— 


trailer drawn by a battery truck. Both are 
designed for rail travel. After being weighed 
on track platform scales, the truck and 
trailer travel along a 24-in. gauge railroad 
running on a platform between the mill- 
scoop housings and the sand-discharge ends 
of the classifiers. When delivered to the 
various grinding units the balls roll out of 
a side gate in the trailer into a rubber-lined 
chute, which diverts them into the drum- 
feeder section of the grinding-mill scoop. 
Two women with two trucks have been do- 
ing this work of charging 25 to 35 tons of 
balls in about 2 hr daily. Grinding balls 
are added to the mills only on day shift 
according to current average unit consump- 
tion multiplied by the mill tonnage treated 
per day. As there is no rapid method of 
determining the height of the ball charges 
in the shells, the mills must be shut down 
periodically every two to four weeks for 
inspections through the manhole. In most 
of the shells the ball levels are kept within 
4 in. above or below the center line, which 
makes the weight of the ball charge vary 
between 50 and 60 tons. 

The standard pattern of grinding-mill 
barrel liners has been the shiplap type. The 
original shape was altered by adding metal 
to the convex curve. The latest change has 
been the return to the original section for 
the half of the set nearest the discharge end, 
because of the smaller amount of wear 
occurring in that section of the mill. The 
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maximum thickness of the barrel and feed- 
end liners is 5 in. Metal has been added to 
the feed-end liners to correct deficiencies 
revealed by wear curves. 

Tests of two sets of rolled-steel-plate 
barrel liners, each 3 in. thick, with lifter 
clamp bars 214 in. high above the liners, are 
in progress. Results after six months of 
operation indicate that liner life will be the 
criterion. 

The grate assembly is composed of outer 
sectors having the bars in radial directions 
and inner sectors having the bars tangent 
to the various circumferences on which they 
lie. The bar sections are tapered outward 

‘from 1 in. to 144. in. in 3}4-in. depth. 
Spaces between the inner edges of the bars 
of the outer sectors are 5¢ in. and between 
those of the inner sectors are 34 in. Very 
little blinding of the grate openings by 
scrap balls occurs. The discharge end is 

__ equipped inside with to elevating sectors, 
_ which discharge the pulp through the trun- 

-nion. A helical splitter of local develop- 

- ment is attached to the discharge trunnion 

for dividing the discharged pulp into equal 

- portions to feed the two classifiers of each 

unit. 

r, The first used feed-end liners were made 

in one piece, not including two manhole 

_ liners. At times the castings were warped, 

which deformed the mill head when the 
liner bolts were tightened. This caused 

_ weaving of the trunnion in the bearing, 

with resulting development of heat. The 

‘trouble was overcome by the manufacture 

of the feed-end liners in four pieces. 
Average useful life of the principal liner 
parts of the grinding mills during the years 

1943 to 1945, inclusive, was as shown in 
- Table 7° 

All wearing parts, except grates, from 

- which the preceding figures were obtained 

were of the original lighter weight type. 

_ The weights per set of parts now being 

used are as follows: barrel liners, 46,680 lb; 

feed-end liners, 16,044; scoop lips (2), 514. 
The consumption of manganese-steel 


liner parts of the mills averaged 0.15 Ib 
per ton of ore ground during the four years 
1942 to 1945, inclusive. 

Separate lubrication systems, each con- 
taining about 2000 gal of oil, are provided 


TABLE 7—Life of Parts 


Sets in Weight 
Equipment ver- ee per Set, 

age vs Lb 
Barrel liners, 48 per set..... ez 334 | 43,236 
Feed-end liners............. 47 269 | 14,520 
Grates and grate-clamp parts} 35 271 | 10,127 
Scoop lips, two per set...... 28 53 386 


for the mills of the original and extension 
plants. Electric heaters keep the oil temper- 
ature near 100°F. The oil is of the same 
type as is used in the crushers. Tests show 
that the average flow of oil to the trunnion 
and pinion bearings of each mill is 6.3 gal 
per minute. The oil of the two systems is 
cleaned by centrifuging on alternate days. 
One man is occupied continuously on that 
work except on every tenth day, when he 
operates the centrifuge in the primary 
crushing plant. 

Repair facilities for routine replacements 
are excellent. The grinding floor, which is 
almost tooo ft long, has repair bays at each 
end and at the center. Three cranes service 
the grinding section. A 1o-ton and a 25-ton 
crane work over the end bays or assist in 
light work in the grinding section. A double- 
hook 150-ton capacity crane is used to 
transport the grinding-mill shells to and 
from the repair bays. 

Four spare mill shells and one spare dis- 
charge end are available for reconditioning 
in the repair bays. The loss of production 
time is no greater than two to three hours 
to change shells in the operating stands. 
Trunnion bearings are left on a shell when 
it is transferred. Repair stands that are 
appropriate for the work to be done are 
provided. Either the feed-end or discharge- 
end trunnion is supported in a bearing 
stand and the other end in a greased 
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wooden saddle. Both ends of the shells 
rest in bearing stands when stored. End- 
liner or grate replacements are made while 
the head rests upon the end of the trunnion 
on the floor. Barrel-liner replacements re- 
quire removal of the feed end head. The 
liner bolts are removed and the scrap liners 
drop free as the shell is revolved in the 
repair stand by a cable from the crane hook. 

_ New barrel liners are placed in the shells 
by the use of a battery-powered boom 
truck. Two boom trucks are available. The 
use of compressed-air impact wrenches 
makes the work of loosening or tightening 
liner bolts rapid and relatively easy. 

The central area between the original and 
extension plants is used for repairs of the 
classifier spirals. In making classifier-shoe 
replacements, old bolts are cut off with an 
acetylene torch and new bolts are tightened 
with an air-powered angle wrench. For 
greater efficiency in reconditioning, the 
spirals are supported on bearings and re- 
volved as repairs proceed. A lifting beam, 
which carries the spirals on the crane hook 
at the inclination on which they lie in the 
classifier, makes removal and installation 
easier. Four spare spirals are available for 


reconditioning. The amount of production ~ 


time lost for replacement of a spiral is about 
one hour. 

In addition to the expected regular re- 
placement of wearing shoes and of a few 
helical flights of the spirals, some breakage 
of the 30-ft.-long shafts has occurred. Tor- 
sion and deflection effects caused failures 
after about two years of operation. The 
first repair method consisted of welding 
the broken ends of the shaft together over 
a sleeve pressed in the shaft. When cor- 
rectly done that method gave about two 
years additional life. Adoption of a method 
being used at the New Cornelia Branch 
promises to be satisfactory in giving the 
rigidity required to resist breakage. Four 
bars, each 1-by 4 in. in cross section and 
extending to 3 ft from the ends of the spiral, 
are welded at go° intervals to the arms that 


support the helical flights. The inner edges 
of the bars are 614 in. from the shaft. 


FLOTATION AND REGRINDING OF 
CONCENTRATE 


Distribution of flotation feed that con- 
tains 18 pct solids is made by flow from 
outlets at the same level in the sides of a 
distributor that contains baffles to assist in 
mixing the returned cleaner tailing with the 
new feed (Fig 5). Collector reagent and 
lime having been added in the grinding 
process, frother reagents are dispersed in 
hot water and added to the flotation feed 
a short distance before it enters the distri- 


butor. Additional lime may be added at 


the same location if it is desired but that 
is done infrequently because addition to 
the grinding circuit has been found to be 
much more effective in controlling the 
alkalinity. 

The mechanical flotation unit develops 
air for flotation and circulates the ore pulp 
for aeration by the action of concentric 
squirrel cages composed of rubber-covered 
posts. The inner or rotating squirrel cage 
has impellers at the top and bottom, which 
oppose each other by pumping into the 
rotor to force ore pulp out between the 
rotor posts. A vortex forms in the pulp by 
the pumping action of the upper impeller, 
into which air is drawn. The pulp is aerated 
as the mixture of air and pulp is forced 
through the openings between the posts of 
the stator. Probable action of the machine 
in the production of small bubbles is both 
by cavitation and by shearing. 

The aeration units of the rougher cells 
are operated by 1o-hp vertical motor re- 
ducers and those of the cleaner cells by 5- 
hp motor reducers. The rotor speeds of 
both rougher and cleaner rotors are either 
410 or 422 rpm according to which manu- 
facturer built the power unit. The motors 
are 1750 rpm induction type. 

All parts of the aeration units that are 
subject to wear or corrosion are protected 
with rubber. A perforated rubber skirt 
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surrounds the stationary squirrel cage at 
its top, which disperses the flow of pulp as 
it leaves the stator. The aeration units are 
set in long tanks, each having a single set 
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Power consumption has been moderate 
and capacity good during the past four 
years. 

The roughing flotation machines are 


Flotation. feed. distributor 


Primary roughing flotation 


Concentrate 


Concentrate 
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Concentrate 


Overflow 


__ Secondary roughing flotation 


Primary cleaning flotation 
(Alternate flow) 


Cleaning flotation 


(Secondary cleaning in alternate flow) 


Concentrate regrindin 


Concentrate classification 


Final concentrate to thickeners 


Final tailing to storage dams 


Tailin 


Tailin 


jet ees 


fading See 


Tailing 


Sand 


Fic 5—FLOWSHEET OF FLOTATION AND CONCENTRATE REGRINDING. 
The feed distributor tanks are rectangular, 368 and 510 cu ft, -respectively. 
All flotation machines are mechanical level type, 144 cells in lines of four, 66 inch. 
Secondary roughing is in 288 cells in lines of eight, 66 inch, 
For primary cleaning there are 72 cells in lines of two or three, 56 inch. 
Cleaning flotation employs roo cells in lines of three and four, 56 inch. 
Concentrate regrinding is in six 814 by 12-ft overflow ball mills. ‘ 
Classification is in six 54-in. duplex submerged-spiral classifiers, having four speeds. 


of control gates, and the aeration units are 


removable singly for repair witout tue 
necessity .of shutting down tae entire 
machine. 

_ The machines have met expectations in 


regard to:easé of repair and the metallur- 


gical results obtained by their use. 


arranged in rows of 12 cells. The first four 
are the primary rougher machines and 2 ft 
below them is the seconlary rougher ma- 
chine, containing eigit cells. In the original 
plant there are two flotation-feed distri- 
butors, each feeding 10 rows of roughing 
cells divided into sections of five machines 


56 MILLING PRACTICES AT CONCENTRATOR OF MORENCI REDUCTION WORKS 


of 12 units each on two sides of the dis- 
tributors. In the extension plant there are 
also four roughing flotation sections but 
each is composed of only four rows of 
machines. 


TABLE 8—Power Consumption, Flotation 


Unit 
Tons eMart Day per 
Kw-hr per ore tee 

Year Ton Ore 

Rougher Total 
1942 2.03 3.66 3.01 
1943 2:11 3.71 3.19 
1944 2.22 3.28 2.82 
1945 2.37 3.38 3.07 


One operator is employed for each flota- 
tion section, making a total of eight opera- 
tors on roughing and two on cleaning 
flotation on each shift for capacity opera- 
tion. They work under the direct super- 
vision of two assistant shift bosses, who 
also supervise the work of the two operators 
in the concentrate-regrinding section. 

Two samplers are employed on each 
shift to observe the operation of the auto- 
matic sampling systems, change sample 
containers and to take hand samples where 
necessary. A woman is employed on each 
shift to determine the copper contents of 
the ore, concentrate and tailing by routine 
analytical methods. Results are posted 
about an hour after the samples have been 
taken. The practice has been of much assist- 
ance in the operation of the flotation 
machines to produce the required grade of 
concentrate with the maximum extraction 
of copper. 

All flotation sections are equipped with 
fluorescent lights, which minimize dif- 
ferences between day and night operation. 

There are separate regrinding sections 
for the original and extension plants, each 
containing three 814 by 12-ft overflow-type 
ball mills and three 54-in. duplex sub- 
merged-spiral classifiers driven by four- 
speed motors. The classifier spirals can be 
driven at 4.7, 3.1, 2.7 or 1.6 rpm but nor- 


mally they are operated at either of the two 
lowest speeds, according to the mineral 
loads received by the classifiers. The re- 
grinding mills are charged daily with an 
approximate 50 pct proportion of 2-in. 
chilled cast-iron balls and 50 pct scrap 
recovered from the ore-grinding circuit by 
the hydraulic ball traps. 

Two employees on each shift operate the 
two sections and make periodic determin- 
ations of the alkalinity and the solid con- 
tent of the classifier overflows. Sufficient 
lime is added to the regrinding mills to 
obtain the alkalinity required in the con- 
centrate-cleaning operation. 

The power required for regrinding 
includes the amount used for all pumping 
of the product to and from the cleaner 
flotation machines, and is 0.66 kw-hr per 
ton of ore treated by the concentrator. 

First operation of the Morenci concen- 
trator was done under a flotation flowsheet 
chosen during operation of the test concen- 
trator. The primary rougher concentrate 
was re-treated in primary cleaning ma- 
chines and the tailing from the latter was 
united with the secondary rougher con- 
centrate, reground and refloated in second- 
ary cleaning machines. The concentrate 
made in both cleaning operations composed 
the final concentrate. The use of that 
flowsheet, which is designated as alternate 
in the flowsheet shown in Fig 5, was aban- 
doned as a result of later experiments to 
increase the grade of the concentrate. The 
cause was lack of sufficient control of the 


composition of the primary cleaner con- 


centrate resulting from changes in the 
character of association of pyrite and 
chalcocite in the ore. 

The flowsheet that is now in use was 
second choice in the test concentrator ex- 
periments because of the probable large 
regrinding capacity required, and because 
test results indicated that concentrate of a 
higher moisture content would be pro- 
duced. The flowsheet includes regrinding 
of all rougher concentrate and single-stage 
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flotation cleaning. It went into use in the 
Morenci concentrator in July 1945 after 
tests that determined that concentrate- 
regrinding capacity was sufficient and that 
the increase in the moisture content of the 
concentrate was minor because finer grind- 
ing could be confined mostly to the coarser 
sizes with but little increase in the propor- 
tion of the finest sizes. This was done by 
maintaining a relatively high solid content 
in the regrind-classifier overflow. The 
higher specific gravity of the pulp permits 
less of the finer sizes to settle into the spirals 
to be returned to the grinding mill. A 
chronological account of the various metal- 
lurgical changes made since the beginning 
of operation is given in the following 
paragraphs. 


Metallurgical Changes 


During February, March and April of 
1942, after operation was begun, the con- 
centrate contained only 17 pct copper. 
Little attention could be given to metal- 
lurgy because time was fully occupied in 


- training personnel and in putting new 


equipment into service. During the re- 
mainder of the year the concentrate grade 
did not vary much from 21 pct copper. The 
result was obtained by decreasing the rate 
of froth removal from the flotation ma- 
chines, by decreasing the number of pri- 
mary cleaner flotation machines in use and 
by increasing the alkalinity of both primary 
and secondary concentrate-cleaning cir- 
cuits. Those changes decreased the extrac- 
tion of iron from 40 to 30 pct without 
greatly affecting the recovery of copper. 
The use of a mixture of 25 pct of high- 


gravity fuel oil with cresylic acid was begun 


in October 1943 as a froth modifier, to 
produce a more voluminous and stable 
froth. The use of B-48 alcoholic froth 
modifier was abandoned because the free- 
flowing character of the froth had adverse 
effects upon the grade of concentrate. 

- During the year 1943 the copper content 


of the ore increased from about 0.85 pct in 
the first three months to 1 pct in the last 
six months. The iron content of the ore 
remained nearly constant, which made the 
ore a little more favorable to the produc- 
tion of a higher grade of concentrate. All 
attempts to increase the grade without de- 
creasing the extraction of copper by making 
ordinary changes such as the variation of 
flotation-machine operating methods, and 
in quantities of reagents used, were un- 
successful. The amount of regrinding of 
concentrate that could be done was limited 
because any increase in moisture in the 
concentrate was critical in smelter opera- 
tion at that time. The average copper 
content of the concentrate during 10943 
was 21.38 pct without much change from 
that figure during individual months. 

A continuation of the increase in the 
grade of ore without an increase in the 
iron content of the ore in the year 1944 
made it more favorable toward the pro- 
duction of a higher grade of concentrate. 
The ratio of copper to iron in the ore 
decreased from 3.6 to 1 during the first 
three months to approximately 3 to 1 dur- 
ing the last six months. The grade of 
concentrate was increased from 21 pct 
copper during the first three months to 
more than 26 pct during the last six months 
of the year 1944. The smaller proportion 
of iron to copper in the ore made the 
changes in operating technique that were 
begun in the year 1943 more effective. 
Average extractions of copper and iron for 
the year were essentially unchanged from 
those of the preceding year. 

Laboratory investigations during the 
year indicated that quebracho had some 
value as a reagent to assist in the rejection 
of pyrite either as a dispersant, as a reduc- 
ing or neutralizing agent for soluble salts 
that activate pyrite, or as a direct depres- 
sant of pyrite. Other reagents having 
similar effects were disclosed. The labora- 
tory tests were followed by a plant test in 
the concentrate-cleaning section of a part 
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of the concentrator beginning in Novem- 
ber 1944. 

The proportion of copper in the ore 
increased in 1945 to 1.15 pct. That increase, 
with the proportion of iron remaining con- 
stant at 3.5 pct, kept the ratio of iron to 
copper in it at 3.0 to 1. An increase in the 
proportion of oxidized copper also occurred 
as a result of mining some higher grade ore 
adjacent to old stoping areas. The low 
iron to copper ratio was favorable to the 
production of a high grade of concentrate 
but the activating effects on pyrite of the 
soluble salts accompanying the larger pro- 
portion of oxidized copper was an adverse 
influence. The net result was that the grade 
of concentrate made during the last half of 
1944 was continued through 1945 with an 
average copper content of 26.81 pct, and 
without further increase in the loss of sul- 
phide copper in the tailing. 

The test of quebracho in the process for 
re-treatment of concentrate in part of the 
concentrator was continued through May 
1945. Beginning in June the use of that 
reagent, or No. 610 reagent, which is a 
lignin product having similar effects, was 
used in the entire concentrator. 

_ During July 1945 a test run was made 
in part of the concentrator in which re- 
floating or cleaning the primary rougher 
concentrate was discontinued and _ all 
rougher concentrate was classified and 
ground. The moisture content of the final 
concentrate was not increased greatly, so 
later in the month the flowsheet of the 
entire concentrator was changed to elimin- 
ate primary cleaning. It is probable that 
the dispersing reagent assisted in eliminat- 
ing gangue slimes from the concentrate, 
which might have caused an increase in 
the moisture because the insoluble content 
of the concentrate decreased from 5.09 to 5.1 
pct following the universal use of quebracho 
or No. 610 reagent. In the first month of 
the universal use of the reagent that ante- 
dated concentrate regrin ling experiments, 
the.insoluble.in the concentrate. decreased 


to 4.8 pct from 5.6 pct in the preceding 
month. 

Effects of the flowsheet change upon the 
concentrate screen analysis and moisture 
content are shown in Table 9g. 


TABLE 9—Effects of Change in Flowsheet 


Final Concentrate 


Year Concentrate Screen nears: 
1945 Operation Mois- 
_ 
t 
On 200|Through < 
Mesh |325Mesh 
Jan. to June...| Primary 19.8 65.3 9.39 
cleaning 
July to Dec...|.No primary 
cleaning 10.3 70.1 9.65 


A 48 pct decrease resulted in the amount 
of sizes on 200 mesh while the finest sizes 
increased only by 7.3 pct. The moisture 
content of the concentrate increased only 
2.8 pet. 

The chemical composition of the con- 
centrate produced in the year 10945 is 
typical of present practice: copper, 26.81 
pct; insoluble, 5.5; silica, 3.8; alumina, 1.4; 
iron, 27.9; lime, 0.1; sulphur, 38.7; moly- 
bcenum sulphide, 0.24; gold, o.o19 oz 
per ton; silver, 1.109 oz per ton. 

The calculated pyrite content of this 
concentrate is 59.9 pct. The molybdenum 
sulphide content has increased from 0.13 
pct in 1942. No effort is made to recover 
molybdenum. Arsenic, antimony, lead, 
nickel and cobalt are present in minute 
amounts. 

The recovery of the precious metals is 
incidental. Gold extraction in the concen- 
trate in the year 1945 was 55.65 pct of the 
amount in the ore and silver extraction 
was 77.30 pct. 

The principal reagents used during the 


four years of plant operation are listed in — 


Table to. 

The increase in the amount, of frothers 
used is the result of the progressive decrease 
in the amount of altered ore received for 
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treatment as the development of the ore 
body progressed. 

No. 208 collector reagent is added to the 
grinding-mill feed as a 5 pct water solution. 
Bucket-wheel feeders are used to control 


TABLE to—Reagents Used 
PounDs PER Ton OrE CONCENTRATED 


1942 | 1943 | 1944 | 1945 


LTS Gg & Ca ee eee 3-32713-359!3.500/3.624 
Collector Reagent No. 208. |0.033/0.037,0.033|/0.031 
Frother reagents: 


Cr.sylic acid No. 4020 . .|0.065!0.064!0.093/0.008 
Fuel oil, 11 Bé..........]0.005|0.017;0.020/0.016 
No. B-48 micoliolar a tt 0.008/0.001|0. 001 
IBN ON scsi see e's aisleeic.s 0.001 

Total frothers......... 0.079)0.082\0.114,0.114 


_ the rate of addition of all reagents except 
lime. 

The frother reagent mixture of 86 pct 
 cresylic acid and 14 pct fuel oil by weight 
is dispersed in hot water and added to tae 
__ flotation feed. The device for effecting dis- 
persion was designed locally and consists 
of a small cylindrical tank in which there 
is a horizontal disk and a pipe at 90° to it, 
with a small orifice in the end. A 3450-rpm 
centrifugal pump circulates the mixture of 
reagents and hot water that disperses the 
reagents by the impact of the submerged 
jet against the disk. 

Quebracho was added to the feed of the 
- concentrate-regrinding circuit as a 5 pct 
solution in water at the rate of 0.10 lb per 
_ ton of concentrate treated. It had to be 
dissolved in hot water and left a gummy 
_ residue in the bottom of the dissolving tank, 

which was periodically removed by dis- 
solving in additional hot water. It also 
os contains a fibrous component, which 
_ choked feeders and pipe lines and made the 
_ rate of addition erratic. ; 
The lignin compound, No. 610, is easily 
soluble in cold water and leaves no resi lue. 
The cost is about half that of quebracho. 
It is dissolved as a 5 pct solution an 1a Ided 
~ at the rate of 0.10 lb per ton of concentrate 
treated. 

At present burnt lime is purchased from 
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a plant near Douglas, Arizona, but early 
construction of a rotary-kiln plant on the 
site of the reduction works is planned. The 
lime now being used contains 80 to 85 pct 
available CaO. It is hydrated to a milk con- 
taining to pct solids in a plant consisting 
of a 7144 by 12-ft ball mill and a 60-in. 
high weir duplex spiral classifier operating 
in closed circuit with the ball mill. The 
milk of lime is pumped to agitator storage 
tanks having a total capacity of 500,000 
gal. It is fed from the storage tanks by 
float valves to two circulation-feed tanks, 
from which it is pun ped through and re- 
turned from all parts of the concentrator 
where lime is used. Most of the lime is 
added to the grinding mills, the rate being 
regulated by diamond port iron plug 
valves equipped with dials. Auxiliary out- 
lets are provided at each mill for greater 
rates of addition when oxidized ore is 
treated. 

Alkalinities being maintained at present 
range from 3 to 5 grains CaO per gallon 
of water with the pulp in the roughing 
flotation machines to to to 15 grains CaO 
per gallon in the concentrate-cleaning 
flotation operation. Some freedom of ad- 
justment is granted to the operators. in 
order to secure the desired type of froth in 
each operation. 

A reagent-storage and preparation bails 
ing has been proviled in which all reagents 
are dissolved and pumped to storage tanks 
in the concentrator building. The lime- 
hydrate circulation tanks and pumps are 
also in this building. 


FILTRATION OF CONCENTRATE 


The filtration flowsheet is shown in Fig 
6. Concentrate pulp containing about 20 
pet solids is launlered to the thickeners 
an] after thickening to 55 or 60 pct solids 
is elevated an1 flows in laun ters to the 
filter plants. There are two filter plants, 
one containing four filters and three rotary 
vacuum pumps and the other containing 
three filters and two rotary vacuum pumps. 
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Two series of belt conveyors deliver the 
filtered concentrate to the storage beds. 
Either filter plant can deliver concentrate 
to either of the two main conveyors by 
moving a connecting conveyor. 


Concentrate thickeners 


Elevators 


alia 


Filters 


ae 


Conveyors to smelter storage beds | 


Fic 6—FLOWSHEET FOR FILTRATION OF CON- 
{CENTRATE. 

There are five torque-type thickeners of 
1oo-ft diameter; six 30-in. belt and bucket 
elevators in three towers; seven seven-disk 
filters 814-ft diameter; and two 20-in. belt 
_ conveyors. 


There are two small rotary positive- 
pressure blowers in each filter plant, which 
provide air at one pound per square inch 
pressure for the discharge of the filter cake. 

The rotary vacuum pumps have a rated 
capacity of 1875 cfm at 26 in. of mercury 
vacuum. They are direct-driven at 495 
rpm by 100-hp motors. The pumps are 
protected from the entrance of concentrate 
by air cleaners and a barometric seal on the 
inlet pipe line. The vacuum is kept near 21 
in. of mercury by hand regulation of an 
air-inlet valve on the pipe line. The vacuum 
formerly was kept at 23 in. of mercury but 
no drier filter cake was made than could 
be obtained at 21 in. vacuum, and the 
. pumps operated with a lower exhaust 
temperature. When 21 in. of vacuum is 
produced, the temperature of the exhaust 
varies between 400° and 450°F. Rotors 
and cases are cleaned yearly and at that 
time it is usually necessary to replace rotor 
and floating ring blades. 

Sirens operated by mercury-switch wa- 
ter-level gauges warn the operators of 
excess filtrate in the tanks. Filtrate is 
pumped to the concentrate thickeners 
and other pumps return filter overflow or 
drainage to the thickeners. 


Standard sector covers made of cotton 
filter fabric are used. During the earlier 
years of operation, holes in the sector 
covers were patched with filter fabric 
attached with waterproof cement. During 
the year 1945 the practice was confined to 
the patching of only covers that had not 
been in use long enough for the pores to be 


blinded with lime scale. This change in 


practice was made in order to maintain 
filter capacity and the lowest possible 
moisture in the concentrate. During that 
year the sector covers had an operating 
life of 102.5 days. 

The discharge from disk filters is periodic 
and irregular in amount. This has caused 
difficulties in weighing it by conveyor scales 
because of the variable load upon the belt. 
Regulation of the discharge onto the 
weighing belt has been solved by a method 
that requires the installation of an auxiliary 
conveyor under each filter, having the speed 
synchronized so that the belt travels the 
length of the filter in the same time that 
one of the 10 rows of sectors travels through 
an arc of 36°. This places an empty section 
of conveyor under the filter each time that 
a row of sectors is discharged. The installa- 
tion of one of these auxiliary conveyors 
has been completed and operated with the 
desired results. Six additional conveyors 
are to be installed. 

Various tests have been made to reduce 
the moisture content of the filter cake but 
without any great success because of the 
relatively low moisture content. The tests 
included heating of the filter feed, the use 
of wetting agents, a trial of synthetic- 
fabric sector covers and several combina- 
tions of disk speed and cake-building time. 
A tangible factor that has affected the 
moisture content of the concentrate has 
been its screen analysis. Limits to which 
grinding of Morenci concentrate may be 
carried without causing a large increase in 
moisture content are approximately 10 
pct on 200-mesh, or 70 pct through 325- 
mesh. There are intangible factors such as 
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slimes from altered ore and flocculation of 
the filter feed. The effects of those factors 
have not been definitely related to the 
concentrate moisture content. 

Two operators and two helpers on each 
shift are required for concentrate thicken- 
ing, filtration and delivery to the con- 
veyors that transport it to the smelter. 
Operating results for the past four years 
are tabulated in Table 11. 


TABLE 11—Filtration Data 


1943 | 1944 | 1945 


Sede oleh slaloke lacahe% wipie 368 .6/309.1/438.9/357.5 
Ricistire i in product, pct. . 9.15] 9.43] 9.52 
Power per ton ore milled, 


kw-hr.. 0.15| 0.13] 0.18] 0.18 
Power per. ton concentrate 
handled, kw-hr......... 4.24) 3.46] 4.47| 4.83 


About 6 pct of the power figure is the 
amount used for conveying the con- 
centrate to the storage beds. 


WATER SUPPLY AND CONSUMPTION 


Water supply and consumption is 
given in detail in Fig 7. The source of 
the fresh water supply is Eagle Creek, 
from which it is pumped a distance of 
6 miles against a difference in elevation 
of 1100 ft. The water has low total solid 
and chlorine contents, as shown in the 
typical chemical analysis of the com- 
posite sample taken in July 1945 (Table 12). 


TABLE 12—Chemical Analysis of Water, 


July 1945 
PARTS PER MILLION 


SHS) npob soe ALi Ol ELC Oger carecleicre atetsicterateys-«-s 250.0 
IG tis yes clay ee ee None (© O's.) setsisyete stare 210 6 pnalloow F6 3.0 
IS earls Fe None} Organic and volatile...... 72.0 
Galata. 40. 1 || solids by analysis... ./. .; 535-7 
Metrics: AMO Residues Aare te ore 6 leis iol 351.0 
Na and K C3 ANAM call nit Ysra\ejsislisasiaissere s-xFo.0 210.0 
eenatete 6:3 
DiGere Boras oe 3 


The determinations were made by the 
scheme of analysis used by the American 
Public Health Association. 

Consumption of fresh water has averaged 


213 gal per ton of ore milled during the 
first four years of operation and was near 
that figure for each year, but during 
individual months it varied considerably 
because of changes in the amount of 
water sent to and reclaimed from the 
tailing dams. The settling rate of the 
ore governs the amount sent to the dams, 
while weather conditions and peculiarities 
of the storage dams upon which the tailing 
is being disposed determine the amount 
possible to return. Fresh-water consump- 
tion varied during the year 1945 from a 
low of 168 gal per ton of ore to a maximum 
of 267 gal and averaged 218 gal. Con- 
sumption of both fresh and reclaimed 
water is about five times that of fresh 
water, or 50 million gallons per day. Of 
that amount about 42 million gallons 
is circulated by the water-pumping in- 
stallations of the concentrator at the 
average rate of 29,000 gal per minute. 

The solid content of the flotation tailing 
or tailing thickener feed is about 18 pct 
and the underflow is discharged at 44 to 
47 pct solids. As originally designed, the 
tailing-thickening installation provided 
519,000 sq ft of settling area, or 1114 sq ft 
per ton of tailing to be thickened. It 
has since become necessary to convert 
one 325-ft-diam thickener for use as 
auxiliary fresh-water storage, which leaves 
436,000 sq ft of area, or 9.6 sq ft per ton 
of tailing. That unit area is sufficient for 
most settling requirements but there 
have been times when the solid content 
of the underflows had to be decreased in 
order to prevent overflow of slimes. 

There are three underflow pipes, each 
8 in. in diameter, from each tailing thick- 
ener. Pipes from five thickeners converge 
through a system of tunnels to one dis- 
charge or spigot house, and those from the 
two remaining thickeners end in another 
house. There are two main-line diaphragm 
valves on each line under the centers of 
the thickeners. The underflow lines are 
cement-asbestos composition pipe. No 
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replacements of the pipe have been mae 
as a result of wear, but as plug valves are 
used near the cischarge en! to cut off 
flow when changing orifices they must 
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The reservoirs hold 17 million gallons; three 
fresh-water tank, 1,000,000 gal. 


Tailing thickeners, traction, have dual drive. 
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cams being an integral part of tailing 
disposal at Morenci. it is described under 
that hea'ing in the following section of 
the paper. 


Reservoirs 


Dust Fresh-water 
Tanks for reclaimed, control Aiea 
Launder Cooling, 
sprays etc. 


z 


Power plant and 
smelter effluent 


SUPPLY AND CONSUMPTION. 
reclaimed-water tanks, 100,000 gal each; on 


Five 300-ft diam; one 325-ft diam. (One has 
surge tank holds one million gallons. 
equipped with ten 5000-gpm pumps. 

1000-gpm pumps; and one feeder station with 


seven I1ooo-gpm pumps. One main station has seven rooo-gpm pumps and one 50,000-gal tank. 


be closed and opened slowly to avoid 
breakage by water hammer. Following 
the plug valves, the 8-in. pipe is joined 
to a steel pipe 4 in. in diameter, on the 
end of which is a cam lever clamp for 
holding the orifices in place. Orifices 
are made of conveyor-belt rubber con- 
taining several layers of fabric. 
Reclamation of water from the tailing 


One pump operator and one thickener 
operator are required on each of the three 
shifts for thickening tailing and pumping 
reclaimed water. : 

The power consumed in pumping re- 
claimed water in the years 1944 and 1945 
after operations were stabilized amounted 
to 1.53 kw-hr per ton of ore treated, or 
10.4 pct of the total power requirements for 
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crushing and concentrating. The figures 
quoted include the power consumed in 
returning water from the tailing dams, 
which in July 1945 was 20.9 pct of the 
total power required for all pumping 
of reclaimed water. 


TAILING DISPOSAL 


The tailing is stored in a wide valley in 
the foothills south of Morenci (Fig 8). 
The bottom of the valley is divided into 
three ravines, the central and widest of 
which is known as Morenci Canyon. To 
the west of Morenci Canyon is Stargo 
Canyon, separated from it by low ridges. 
Along the east side of Morenci Canyon 
is a comparatively high ridge traversing 
the entire length of the tailing-disposal 
area. A narrow ravine to the east of the 
ridge has been named East Canyon. All 
three of the ravines lie on an average 
slope of 4 pct. The upper parts of Morenci 
and East Canyons were used for disposal 
of tailing from the former No. 6 con- 
centrator. The whole area is roughly 3 
miles north-south and 1 mile east-west in 
size. The difference in elevation between 
the upper part nearest the reduction works 
and the lowest near the reclaimed-water 
pumping stations is approximately 700 it. 

Tailing flows to the disposal area 
through a flume constructed on the ridge 
between Morenci and East Canyons. 
The flume is 17,000 ft long and is built 
on a minimum grade of 1.5 pct and a 
maximum of 2.5 pct. The average grade 
is 1.75 pct. The original flume was a 
curved-bottom launder made of cement- 
asbestos composition material. Because 
of wear along the center line of the bottom, 
the flume is now being sheathed in con- 
crete. The curved bottom was designed 
to carry small flows without impedance. 

Gates are located at appropriate points 
along the flume by which the tailing can 
be diverted to the various storage dams. 
Laterals from the flume to the dams are 
concrete launders having inside sectional 


dimensions of 36 in. wide by 24 in. deep, 
with walls 6 in. and base 8 in. thick. 
Smaller dams, which will not accommodate 
full flow of tailing, have feed launders of 
30 by 20 in. inside dimensions. Immediately 
preceding their junction with the dis- 
tribution pipes on the dams, the laterals 
are built with a cover extending for a 
minimum of 5 ft in elevation for every 
tooo ft of distribution pipe, to provide 
a section in which pressure is developed 
for forcing the tailing through the level 
pipe for distribution on the dams. 

The distribution pipe is 24 in. in diam- 
eter. It is made in 13-ft sections of cement- 
asbestos composition, to withstand a 
working pressure of 100 psi. It is supported 
upon wooden trestles 40 ft high when first 
constructed. The trestles have walkways 
with railings and toe boards. Valve- 
operating platforms are built on the 
opposite side of the pipe from the walk- 
ways. All trestles are equipped with 
incandescent lighting. Tailing is dis- 
charged toward the bank through 6-in. 
lubricated plug valves 52 ft apart on the 
pipe. Experiments have indicated superior 
washing of slimes toward the back of 
the dam or classification of sand near 
the front of the dam by substituting 
8-in. valves for the 6-in. valves. Ten- 
inch valves are also to be tried. When a 
trestle is new and farthest from the bank, 
the valves are discharged into V-section 
troughs about to ft long, set on a slope 
of about 20° from the horizontal to drop 
the stream closer to the bank. 

Banks are built 30 or 36 in. high and 
each bank is set in toward the trestle, 
so that the face of the dam has a slope of 
r ft of vertical height in 2 ft of horizontal 
distance. They are constructed by several 
methods, the choice of which is dependent 
upon the dryness of the dam when the 
bank is built. 

If the deposited tailing is still soft, the 
bank on that dam is built of old dry tailing 
produced during operation of the former 
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No. 6 concentrator. The material js 
loaded by a small power shovel and trans- 
ported in dump trucks to the dam. This 
type of bank is built to a height of 30 in. 
in two lifts or layers, each of which is 
spread, compacted and leveled by the use 
of small wide-tread angledozers. Greater 
height than 30 in. would require the 
handling of a disproportionate quantity 
of dry tailing, as the top must be wide 
enough for truck travel. 

If the deposited tailing is dry enough to 
support a dragline excavator on timber 
mats, the new bank is built by that 
method using the deposited tailing. The 
bank is compacted to a height of 36 in. 
by an angledozer. A maximum height of 
36 in. was chosen for this kind of bank, 
to avoid the formation of too deep a borrow 
pit adjacent to the bank. That height 
has also been found to produce more 
rapid drying of the deposited tailing than 
a deeper deposit, because of the limited 
absorption of moisture by the previously 
deposited tailing. Divisions are left in 
the borrow pit at about 200-ft intervals, 
to decrease the trapping of slimes near 
the bank. The more rapid overflow from 
each section washes the slimes toward 
the pond. If the deposited tailing of 
which the bank is made is sufficiently dry, 
the borrow pit is partly refilled by the 
use of bulldozers, or the pit depth is 
kept at a minimum by transporting the 
tailing to the dragline with bulldozers. 

If the drying period of the deposited 
tailing is long enough, the most desirable 
type of bank is that built by the use of 
bulldozers. Two of the machines are used, 
one to bring material toward the bank 
and the other to elevate and compact it. 
This method of bank building produces 
well compacted bank with a wide, shallow 
borrow pit behind it. 

The earth-moving equipment is used 
also for construction of heavy dirt mats, 
upon which new trestle is constructed 
when insufficient drying time can be 
allowed for consolidation of the tailing. 


The total area of the tailing-disposal 
site is about 3.15 8q miles, or 2000 acres. 
The useful storage area on it was approxi- 
mately 533 acres at the end of the year 
1945. That is 11.8 acres per 1000 tons of 
tailing to be stored daily. Two minor 
dams of a total area of 29 acres have since 
been filled to their maximum capacity, 
but additional area developed on the 
remaining dams has kept the useful 
storage area unchanged. 

There are six dams in Morenci and 
Stargo Canyons, approximately 1500 ft 
from front to back. At the beginning of 
development four of the dams in the 
two canyons were in line but were separated 
by the low ridge. At the present time 
three of the four have become single dams 
by submergence of the ridge in tailing. 

There were four dams in the East 
Canyon, but the one at the highest eleva- 
tion has been filled to capacity. The one 
next below it is about 3000 ft long and is 
filled from both front and back to control 
the pond location for maximum reclamation 
of water. 

Except when distribution of tailing is 
scattered among several dams, only one 
operator and three helpers are required 
for tailing disposal. One 6-in. valve will 
discharge about 2000 tons of tailing daily, 
so in order to dispose of 45,000 tons of 
tailing daily 22 valves must be opened. 
As they are 52 ft apart, it requires the 
care of 1200 ft of bank. The operator 
and a helper attend to that while the 
other two helpers drain water into the 
ducts or attend portable pumps if they 
are being used. They work without any 
other supervision than that of the operator, 
who is lead man on the shift and is re- 
sponsible for correct performance of all 
required duties. 

Facilities provided for reclamation of 
water from the dams consist of three 
concrete ducts extending under all of the 
dams in Stargo, Morenci and East Can- 
yons. The two former converge at one 
settling pond, preceding a pumping sta- 
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tion, and the duct of East Canyon ends 
at another. Sections of the ducts were 
built as needed early in the development 
of the dams and were connected later. 
In interior dimensions they are 32 in. wide 
and 34 in. high, with walls 6 in. thick 
and a minimum thickness of top and 
bottom of 8 in. Holes 8 in. in diameter, 
in the walls at a difference in elevation of 
2 in. between holes, are used for with- 
drawing clear water from the ponds that 
form back of the dams. 

The ducts were constructed on undis- 
turbed ground and generally they follow 
the original grade of the canyons. Ap- 
proximate lengths of the three ducts, 
including branches, are as follows: Stargo 
Canyon, 11,000 lin. ft; Morenci Canyon, 
13,000; East Canyon, 6,000; total, 30,000. 

The Stargo and Morenci Canyon ducts 
are united into one duct of the same 
sectional area under the lowest dam. The 
mouth is equipped with a large trash- 
screen compartment. 

As the ducts eventually would become 
covered with tailing, concrete stacks were 
constructed with connections to the ducts. 
They have to-in. diameter holes on a 
spiral line around the wall at a difference 
in elevation of 2 in. between holes. There 
are nine holes for each turn of the helix. 
The stacks have an inside diameter of 
6 ft and walls 12 in. thick. Several of the 
stacks are now in use, since some of the 
ducts between dams have been covered 
with tailing. Holes in the ducts and stacks 
are closed with tapered wooden plugs 
when the tailing level reaches them. 

Some of the ponds form in locations 
that are isolated from the ducts. In order 
to reclaim the water from them portable 
pumping units are used. They are built 
upon I-beam skids using automobile 
engines and open impeller pumps of 
4 and 6-in. sizes. Flexible suction hoses 
equipped with check valves and skimming 
pipes are supported on floats made of oil 
drums. Light-weight portable pipe that 
can be easily handled and rapidly as- 


sembled conveys the water from the 
pumps to the ducts. 

The settling ponds at the duct mouths 
are kept about half full of water, to allow 
room for a sudden influx of water. Spill- 
ways are provided to allow flood water 
to overflow to safety dams below the 
pumping stations. Water is pumped from 
the safety dams to the settling ponds as 
soon as possible. 

No. 2 pumping station is below the 
settling pond at the junction of Morenci 
and Stargo Canyons. No. 3 pump station 
is below the settling pond in the East 
Canyon. Both deliver to a 50,000-gal 
tank at No. 1 pumping station on the 
lower end of the ridge between Morenci 
and East Canyons. There are seven 
single-stage r1ooo-gpm pumps in No. 2 
station, which elevate the water 305 ft. 
No. 3 station contains four single-stage 
100c-gpm pumps, which operate against 
a difference of elevation of 227 ft. No. 1 
station is equipped with seven two-stage 
1000-gpm pumps, which return the water 
to the concentrator pump stations through 
a I4-in. pipe line, part steel and part 
cement-asbestos, and a 16-in. steel pipe 
line against a static head of 425 ft. The 
pumps of No. 1 station operate by auto- 
matic controls actuated by floats in the 
feed tank. Two men on each shift operate 
all the pumps. Dial-operated telephones 
connect all pump stations with those at 
the concentrator. 

The amount of water reclaimed from 
the dams varies from 1,000,000 to 6,000,000 
gal daily and averaged 3,100,000 gal per 
operating day during 1945. That amount 
is equivalent to 91 gal per dry ton of ore 
treated in the concentrator during the 
year. 


ACKNOWLEDGMENTS 


The author thanks the management of 
the Phelps Dodge Corporation for per- 
mission to publish this account of the 
first years of operation of the Morenci 
concentrator. 


: 
; 


* 


‘ 


a ee ee ee ee ee ee ee) ee 


—s 


RE Wa es 


Mufulira Copper Mines Limited, Concentrator, Northern 
Rhodesia 


By Jack WaiTe* AND RatpH B. Aparr,t Mempers AIME 


(New York Meeting, February 1948) 


Tue Mufulira mine in Northern Rhodesia 
is 13° south of the Equator and at an alti- 
tude of 4100 ft above sea level. 

The concentrator was planned in 1930 
to treat about 10,000 tons of ore per day, 
but before construction work had gone very 
far the size of the plant was reduced to 
1500 tons daily capacity. Then just as the 
construction was finished in December 
1931, the price of copper did not warrant 
the commencement of operations and it 
was not until October 1933 that the mine 
re-opened. 

Extensions have been made to the plant 
in 1934, 1935, 1936, 1937, 1940 and finally 
in 1945. The capacity of the plant when the 
1945 extension is completed will be 9500 
short tons per day. The various extensions 
have been carried out with the minimum 
confusion and with great skill on the part 
of the designers and the erection engineers. 

In dealing with the plant in this paper it 
is proposed to give an outline of the present 
practice and only to refer to past practice 


_ when it is considered of particular interest. 


OrE TREATED 


fa 


The ore consists of fine grained highly 
siliceous, felspathic and argillaceous quartz- 
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ites, the latter containing graphitic carbon 
and locally termed graywacke. These rocks 
are considerably altered near the surface 
and on the fringes of the ore body. Despite 
extensive efforts at mixing, both under- 
ground and in the crushing plant, many 
sudden changes of ore take place in the 
mill feed. 

The minerals are chalcocite, bornite and 
chalcopyrite with relatively unimportant 
amounts of malachite, native copper, 
azurite, covellite and chrysocolla. Gold is 
present at about 1 oz to a thousand tons, 
and silver at about 2 dwt. per ton. With 
increasing depth the nonsulphide content or, 
as commonly termed locally, the oxide con- 
tent of the ore is decreasing and is now 
less than 0.25 pct against a high of 0.77 pct. 


CRUSHING OPERATIONS 


The first stage of crushing is done under- 
ground where the oversize from 12-in. griz- 
zi:es is fed to a 56 X 72-in. jaw crusher. 

At the Selkirk shaft two 1o-ton skips 
deliver the run of mine ore at a rate of 450 
tons per hour to the 4oo-ton capacity shaft 
bins. One 6 ft wide Ross chain feeder and 
one locally made air-operated finger feeder 
feed the two 30-in. McCully crushers. 
Ahead of each crusher is a 6 X 9-ft spring 
grizzley spaced at 5 in. on a 35° slope. 
Neither the Ross chain feeder nor the finger 
feeder is entirely satisfactory and for the 
wet, muddy and sticky ore that has to be 
handled it is planned to replace these with 
two 6-ft wide apron pan feeders. 

The McCully crushers deliver a minus 
s-in. product, at a rate of over 500 tons per 
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hour, which is conveyed by a series of 48 
and 42-in. wide conveyor belts to four 600- 
ton capacity storage bins which serve as 
surge bins to four 5}4-ft Symons Standard 
cone crushers. 

Feeders from these bins are of the drum 
type on to 28-in. wide conveyors. At the 
head of each conveyor is a 43-in. diam 
magnet for the removal of tramp iron. One 
double deck 48 X 102-in. Gyrex screen 
ahead of each Symons helps keep the 
crusher feed free from mud. The upper 
deck of the Gyrex screens is fitted with 
34-in. thick cast manganese steel screens 
with 214-in. square holes. The lower deck 
has 0.46 X 0.75-in. slotted wire screens. 
The undersize from these screens, which is 
usually very muddy, goes straight: to the 
fine ore bins without any further crushing. 
The Symons product with the crushers set 
at about 114 in. is conveyed by means 
of a scissors conveyor to 5 surge bins each 
of 400 tons capacity. Each bin delivers ore 
to two double deck Gyrex screens (60 X 
102 in.) through roll type feeders. The 
upper deck of these screens is 1-in. square 
screen cloth and the lower 0.396 X 0.75 in. 
slotted screen. The oversize from both 
decks of two Gyrex screens feeds one of the 
54g ft Symons Shorthead crushers. 43-in. 
diam magnets at the discharge point of 
each belt feeding the Shortheads protect 
them, with their setting of about 14 in., 
from tramp iron that may have passed the 
magnets on the Standard Symons crushers. 
Undersize from the lower deck joins the 
undersize from 48 X 102-in. Gyrex screens 
as a finished product from the crushing 
plant. This is taken by a 42 in. conveyor 
over a Merrick Weightometer to the fine 
ore bins. The discharge from the five short- 
head crushers joins the product from the 
Standard Symons and is conveyed via the 
scissors conveyor back to the surge bins 
ahead of the Shorthead crushers. This 
makes a closed circuit, the only outlet being 
the undersize of the lower deck of the ten 
60 X 102-in. Gyrex screens. 


Oiling of all nine Symons crushers is 
done from a central pumping station. Each 
crusher has a sight feed and the whole 
system is interlocked with pressure switches 
which automatically trip the crushers if 
the pressure of the oil falls below a safe 
point. 

Electrical interlocks are installed on all 
conveyors feeding crushers and on con- 
veyors taking the discharges so that if any 


Pe smpettee 
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vital conveyor trips or is stopped, all the — 


flow of ore leading to it is simultaneously 
stopped. 

The sticky nature of the ore, which aver- 
ages over 5 pct moisture, necessitated care- 
ful design of transfer chutes and even so, 
chokes at these points occur from time to 
time. 

The life of crusher wearing parts is given 
in Table 1. 


TABLE 1—Life of Crusher Wearing Parts 


Average 
Part 
Hours Tons 
Run | Treated 
30-in. McCully breaking heads. . 1,800 | 950,000 
30-in. McCully lower concaves. 1,240 | 650,000 
549-ft Standard Symons mantles. . 3,890 | 479,000 
5 49-ft Standard Symons bowl liners 3,270 | 400,000 
54-ft Shorthead mantles......... 1,700 | 170,000 
549-ft Shorthead bowl liners....... 1,700 | 170,000 
10-ft X 72-in. Hardinge inlet liners] 4,365 | 150,947 
10- " ie, 72-in. Hardinge wrapper 
Si. ai0)'e! oecbiR she lieei"s aire stele aie die ie 9o7 123, 
10- ft x 72-in, Hardinge discharge ee 
UN OF e ix<c horela ies ecoreGaant cht SER 4,405 | 152,525 


A comfortable capacity of the entire 
crushing plant is 500 tons per hour, and a 
typical screen analysis of the product is 
shown in Table 2. 

The crushing plant flowsheet is given in 
Fig r. 


FINE GRINDING AND CLASSIFICATION 


The fine ore bins have a live capacity of | 


some gooo tons (750 tons per mill). Ore is 
drawn from them by three roll-type feeders 
for each mill driven by variable speed 
reducers. (The last three mills installed 
employ vibrator-type feeders.) A separate 
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Fic 1—FLOWSHEET OF ORE-CRUSHING PLANT AS OF JANUARY 1, 1946. 


Merrick Weightometer is fitted to each of There are 11 open-end Hardinge ball 


the 12 ball-mill feed conveyors. mills (10 ft X 72 in.) and one No. 99 
: beet ae: Marcy grate discharge ball mill. Grinding 
pees iy? “hes Dene ergs is single stage and the final product over- 
Beare Dia flows an 8 X 30 ft Dorr DSFX classifier 
ae ee Weight; Pot Cumulative in closed circuit with each mill. The grind 
Weight, Pet ig between 58 and 60 pct minus-200 mesh 
4 and each mill handles about 34.5 tons per 
: in. 0.6 oO. bas : sees 
t se i 3-4 ae hour. The grinding circuit is extremely 
0.371 in. T3304 T7<4 
$ 3 mesh 15.9 33-3 : : 
deen oe ke TaBLE 3—Typical Screen Analysis of 
mes . 3 - 
== oak eH reas Classifier Overflow 
+ 10 mes 4. are 
+ 14 mesh 4.3 66.7 ; 5 
+ 20 mesh 304 70k Mesh Weight, Pot | Cumulative 
28 mes. SRE} Bo 
a 35 meet Br0 aS 
8 25 78. 
tf és nieah 2.6 81.4 + 65 4.45 4-48 
. +100 mesh eM 7 84.1 +100 LEST) 16.20 
+150 mesh 2.5 86.6 +150 17.05 33.25 
+200 mesh 2.4 89.0 +200 13.15 46.40 
+325 mesh ont O1.1 +325 12.90 59.30 
—325 mes 8.9 —325 40.70 
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* Fic 2—BALL-MILL BAY. 
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Fic 3—FLOTATION DISTRIBUTOR. 
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simple, with only one stage of classification. 
No heavy pumping costs are involved. A 
typical screen analysis of the classifier 
overflow is given in Table 3. 

Circulating loads are held at about 
400 pct and the classifier-overflow density 
is 23 pct solids by weight. 

Between each ball mill and classifier the 
pulp passes over a modified Denver mineral 
jig. Until recently there was enough fine 
native copper to warrant the operation of 
the jigs, as some of the fine native copper 
was being lost in the tails. The product from 
all jigs is tabled on one Wilfley table and 
the concentrate from this table assays over 
60 pct copper and about 2 dwt. of gold and 
40 dwt. of silver. This concentrate is stock- 
piled and cleaned over another table at 
intervals, and a high-grade copper-gold 
concentrate is made which assays over 9o 
pct copper and between 5 and to oz of gold 
per ton. 

The decreased amount of native copper 
now present in the ore makes the value of 
the jigs doubtful, and their operation may 
be discontinued in the near future. 

After experimenting with different size 
balls (from 5 to 2 in.) 3-in. diameter was 
chosen as the best, and the consumption is 
just over 3 lb per ton. The charge for each 
mill is 3734 tons. The mills are driven at 
19.2 rpm through a single helical gear and 
pinion directly connected to a 440 hp 
synchronous motor. 

: Ball-mill scoops are of the single type 
with a 72-in. radius. The ball-mill bay is 
shown in Fig 2. : 

Small size steel grinding balls for use in 
the regrind ball mill are made by the con- 
centrator department. Short lengths of dis- 
carded. drill steel are heated in a coke 
furnace. When bright red they are cut in 
2-in. lengths in a pair of rotary shears and 
immediately picked up with tongs and 
fed to special dies fitted on an I.R. No. 50 
drill sharpening machine. One squeeze with 
this machine converts the red hot, 2-in. 
length of drill steel to a ball of between 


114 and 134 in. in diameter. The ball is 
then removed from the die and dropped 
into a tank of water. The whole operation 
is done with one heating. Old jack bits are 
treated in the same way. 

Life of ball mill liners is given in Table 1. 

Classifier overflow gravitates to two 
pumping stations each of three 8-in. 
Wilfley pumps. 

Because of the various types and capaci- 
ties of the flotation machines in use a dis- 
tributor of very flexible design was installed 
and details are given in Fig 3. 


FLOTATION 


The flotation plant consists of approxi- 
mately equal capacities of airlift-type cells 
and No. 36 Agitair mechanical flotation 
machines. The latter have proved them- 
selves metallurgically better than the air- 
lifts and also show a saving in power. 
Mechanical type machines will eventually 
replace all airlift cells. 

The flowsheet is given in Fig 4 and part 
of the flotation section is shown in Fig 5. 

During the past 13 years many different 
circuits have been tried out on both small 
experimental scales and on large full scale 
mill tests. 

Present practice is straightforward and 
simple with roughers, scavengers and two 
stages of cleaning. The thickening, regrind- 
ing and scalping of middlings are conven- 
tional practice. 


Tasie 4—Assays of Various Products 


of Flotation Pulp 
ee ne 
Cu 
Tons Cu ahi 
Product De ah eee fatskaied 
c 
A ys Pe ee wie, 
ead Seep. rare citreus ese uoasiens 8,000 3.40 | 100.0 
Rougher feed........-..+-- 9,487 3.68 | 128.6 
Rougher concentrates..... 1,247 24.00 | 109.1 
Rougher tails........---- 8,250 10.64 19.5 
Scavenger concentrates.... 736 Eke 9.9 
inal tailsiens oe. oc oe 7,514 0.34 9.6 
Gleaner feed. cach wu ste at 1,359 | 23.40 | 116.9 
Cleaner concentrates...... 531 47.96 93.8 
Gléanes tallseasr. a<ssem 828 7.73 23.5 
Final concentrates......-- 486 | 50.87 90.4 
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The density of flotation pulp is in the 
region of 18 pct solids by weight. Table 4 
gives the assays of various products in a 
typical day’s run. 

Reagent combination and consumption 
is as follows: 


Ls PER Ton 


Sodium xanthate............... 0.09 
BPETE AOR ss telcos satel otter shove ahaa aie 0.06 
Watalicoalitar cnc tincijcstaiaic« Sale 0.07 
Dem bt arn teres, ov oa sarciets oye’ sere ashore 0.04 
podium sulphide... ......ss5-s- 0.08 
by Beto ON EERO OEM anc ae re ened eT 


The use of dextrin as a carbonaceous 
depressant has proved of great value, 
particularly when treating predominantly 
graywacke ore, with its graphitic carbon. 
The dextrin serves to drop the carbon with 
its associated slime from the concentrate, 
thereby increasing the grade to the desired 
figure. 

During the years xanthate consumption 
has been decreased from 0.75 to the present 
0.09 lb per ton. 

As mentioned earlier, change of ore in the 
mill feed has been a disturbing factor in 
our operation. Xanthate-consuming proper- 
ties of various types of ore vary widely, 
clean siliceous quartzite requiring 0.03 lb 
per ton, and altered inter-ore body schist 
consuming as much as 3 lb per ton. At 
times, consumption in the mill had varied 
by 30 pet within 24 hr, and during a month 


has ranged between o.10 and 0.35 lb per 
ton. 

To deal with this variable condition, a 
routine test was developed whereby the 
available collector in the tails was deter- 
mined by actually testing its collecting 
power on a sample of fresh feed. This test, 
compared to a standard floated in fresh 
water, gives us a numerically expressed 
xanthate content. By keeping a small 
excess in the tails we are assured of enough 
in the circuit without undue waste. 

Lime concentration has been proved of 
vital importance to both copper recovery 
and xanthate consumption. The critical 
amount for best operation is about 0.07 Ib 
free Ca(OH) per ton of water in the 
rougher tails. This is controlled by titration 
of a settled sample with standard sulphuric 
acid and phenolphthalein after carbonates 
have been precipitated by an excess of 
barium chloride. 

Sodium sulphide is fed in proportion to 
the tonnage of middlings being circulated. 
The scalping within the regrind circuit is 
another vital factor and necessary for good 
recoveries. 

Quick method insol assays and colori- 
metric copper assays are carried out as part 
of the routine work of the flotation opera- 
tors on each shift as a guide to operations. 


TaBLe s—Typical Analysis of Mill Products 


PER CENT 


TaBLE 6—Recoveries from July 1945 to June 1946 
PER CENT 
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0.76 90.71 
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All pulp is handled by Wilfley pumps. 

Air for the flotation machines is supplied 
by Reavell Turbo blowers operating at a 
pressure of between 1.3 and 1.5 psi. 


beneficial in helping to drop a little extra 
insol. 


All water pumps are single-stage Mather 
and Platt pumps. 


A typical analysis of the mill products 
is given in Table 5 and recoveries from 
July 1945 to June 1946 are shown in 
Table 6. 

Sampling of heads, tails and concentrate 
is automatic and cuts are taken at between 
20 and 30-min intervals. 

Mill tailings are thickened in a 250-ft 
Dorr thickener (Fig 6) to about 55 pct 
solids and pumped to either cones for 
sand-filling underground stopes or to one 
of the tailings disposal sites. 


WATER SUPPLY 


The clear water overflow from the tail- 
ings thickener together with the overflow 
from two middlings thickeners and three 
concentrate thickeners gravitate to a 
central pumping station. Enough fresh 
water is added here by means of a float 
valve to maintain a balance and all water 
is pumped to a steady head tank for the 
mill supply. 

Fresh water is pumped separately to the 
cleaner circuit for dilution in the final 
stages of cleaning. This has been found 


Fic 6—250-FT TAILINGS THICKENER DRAINED FOR REPAIRS. 


Lime scale in the water pipes had been 
a real problem in the past but recently we 
have been using a threshold water treat- 
ment employing Calgon and the results, 
which are not yet complete, look very 
promising. 


FILTERING 


After the flotation concentrates are 
thickened, they are filtered in two 12-ft 
diameter by 14-ft long B.M.B.C. Dorrco 
filters which produce a cake containing 
about ro pct moisture at a rate of 20 dry 
tons per hour each. 

Before delivery to the smelter the con- 
centrate is accurately weighed in a Blake 
Dennison batch weighhopper. This ma- 
chine is carefully tested monthly in the 
presence of the Smelter and Mill Superin- 
tendents and the Mechanical Engineer and 
any error found in the test is applied to 
the tonnage for the month by both mill 
and smelter. This arrangement works ad- 
mirably as it leaves no room for argument 
between mill and smelter and the weigh- 
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hopper is a constant performer that seldom 
shows an error of over 0.06 pct. 
TaILincs DIsPosAL 


Tailings that are not used for sand filling 
underground are pumped and gravitated 


operated for only two 8-hour shifts with 
one European and 4 Africans per shift. 
Maintenance and repairs are taken care 
of by a gang of 17 European fitters and 48 
Africans under a foreman fitter. The cost 


z Fic 7—No. 7 TAILINGS DAM. 


to a disposal site in a flat valley through 
_ which runs the Mufulira stream. A clear 
water overflow is maintained from this 
_ dam except when heavy rains wash down a 
lot of mud and fines that have collected 
during the dry part of the year (Fig 7). 
Tailings are also used to advantage to fill 
in swampy depressions as an anti-malaria 
measure. 
LABOR 

The crushing plant is operated for 3 
_ shifts of 8 hours each by one shift boss, 2 
_ European operators and 33 Africans. The 
ball mills and flotation section have one 
shift boss, 3 European operators and 18 
Africans per shift and the filter plant is 

Taste 7—Costs per Ton of Ore Milled 


ae SECTION SHILLING 


* 

Crushing, conveying and screening...... 0.58 
___ Grinding and classifying......-----+---- 1.43 
of Gravity concentration......--.+++++++: 0.01 

AMO PAtOTI a. sien alls ce ape eee aie OE 0.66 
Concentrate handling and filtering....... 0.05 
"Nails GiSpOSAl.. 20... 2 ase oe eee sees 0.07 
Sampling and assaying.......++++++++-> 0.06 
Mill water supply.....----+-+s+eseeees 0.03 
Concentrator superintendent dept. and 
-European war allowance.....---+-- “00 0.13 
Native cost of living allowance.......-+- 0.06 
bray i [os RAIS ic.) Oe CREDO ERO CONG 3.08 


of operations per ton of ore milled are 
shown in Table 7. 


POWER 


Alternating current is supplied by the 
Company’s power plant and is distributed 
to the mill as a s0-cycle three-phase supply 
in both 3300 and 500 volts. 

Consumption is given in Table 8. 


TaBLE 8—Consumption of Electricity 


Kw-HR 

OPERATION PER TON 
Crushing, conveying and screening...... 2.87 
Hardinge ball mills 9.54 
Glaseifierseni,atectisiccks oe 0.39 
Ball mill-pumps............- 0.42 
Blowers cerca Orel ret ciel ned atitlerofesre bose aie 2.60 
Flotation Pumps... .......2eeee-cseeee I.30 
Flotation machines........2+see+eeeee> 0.52 
FubLberin gg ae eeretalerstelsiy wai+l sir sofehe oe 0.23 
Sampling and assaying.......-.+++-+-+++ 0.03 
Tailings disposal.../.....+-++.+0-+ 35 Rete 0.33 
Mill make-up water........-+-+-e+-%- 0.76 
Todt | ilarare cle oreiomatelwlsreie aia) oaasis adshotesehei 0.05 
Detailer hare chee era ten pis aia) svete «aoe fellatio I9.04 
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DISCUSSION 
(D. W. Scott and J. F. Myers presiding) 


Co-cHAIRMAN Myrrs—The flowsheet and 
picture show that a Marcy open-grate ball mill 
was tested out against the main body of 
Hardinge high level discharge mills. There is 
little or no data in the published literature 
upon this subject and I think it would be very 
interesting if the Mufulira data could be pre- 
sented. I understand from reliable sources that 
the test showed the power consumption to be a 
stand off, but that the ball consumption was 
some 30 pct less in the high level discharge mill. 

The motor on those trunnion discharge mills 
and the Marcy grate mill were the same size, 
were they not? 


R. B. Aparr (author’s reply)—They were, 
400 hp. 

W. L. Maxson*—This is an open field for 
controversy but the findings which the authors 
report, I think, are pretty well in agreement 
with the test work that we conducted under 
somewhat similar conditions. 

I think even those who are very strong advo- 
cates of the grate type of mill will concede that 
while more tonnage will go through the mill— 
and by that I mean a given size mill—there is 
the possibility of greater capacity, but the 
power consumption increases. In general, the 
liner wear and ball wear go up, and I have 
always thought it could be reduced pretty well 
to a matter of capital investment. 

If we had Walter Garms here this morning I 
think he would go along with us and tell us if 
we were to use just an overflow mill and run it 
slow enough we would get the most for our 
dollar. 

There are places, no doubt, where the grate 
type mill has definite advantages, and there are 
places where the overflow has definite advan- 
tages. I am inclined to think that you have to 
consider both types, but I do not think one can 
adopt either of them to the complete exclusion 
of the other. 

The test data in the paper are not as com- 
plete as I would like, and I think it would be of 
service to the industry if at some time those 
tests might be presented in their entirety as 
comparative grinding tests, applying to a par- 
ticular set of conditions. 


* Oliver Iron Mining Co., Duluth, Minn. 
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It would just be another set of notes for the 
record which might help someone else who is 
faced with a similar problem. 

I do not know whether Mr. Adair is familiar 
with the preliminary test work conducted on 
the N’Kana milling operation. Were you 
familiar with that? 


R. B. ApArr—I have been to an extent, yes. 


W. L. Maxson—You recall they used a mill 
which was about 6 by 8 ft equipped with means 
to vary the speed with grates and without 
grates. The test data led to the installation of 
overflow type mills. Is that not true? 


R. B. Apatrr—That is true. 


W. L. Maxson—That is a rather compre- 
hensive test and those data are available. How- 
ever, you are always open to question as to 
whether you would have secured the same re- 
sults if you had tested two mills side by side on 
a split feed. 


G. GutzreitT*—For the determination of 
excess xanthate, I have used a method which 
gave satisfactory results. It consisted in trans- 
forming the xanthate present into the molyb- 
denum complex (MoO,;{SC(SH)(OC2Hs)]s), 
which has a characteristic deep blue-violet 
coloration. For that purpose, a measured vol- 
ume of the solution is treated with acidified 
ammonium molybdate (2N-HCl). The violet 
complex is then shaken out in a separatory 
funnel with a standard volume of an organic 
solvent, such as benzene or chloroform. Finally, 
the extract is examined in a colorimeter (elec- 
trophotometer). A green light-filter is used. 
The apparatus has been, of course, standardized 
previously with known amounts of potassium 
xanthate. 

The sensitivity is fairly high, the concentra- 
tion limit being 1: 1,250,000. 


R. B. ApAtR—The method we used is the 
standard method as suggested by the company 
that produces the xanthate, Great Western 
Division, Dow Chemical Co. 


R. J. Morron}—With regard to what Dr. 
Gutzeit had to say about the determination 
of xanthate in solutions, I think that is quite 

* Director,’ Research and Testing Laboratory, 
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possible in dilute solutions having a relatively 
low soluble salt concentration. However, in 
pulps where the solutions contain as high as 
2000 ppm of soluble salts, we found that all 
methods—including I believe the particular 
method he has mentioned—were useless. The 
determination of xanthate ion in solutions from 
flotation pulps of heavy sulphide ores is made 
very difficult when the total concentration of 
soluble salts is of an order 50 to 100 times that 
of the xanthate ion. 


F. X. Tartaron*—The pH versus lime com- 
parison goes back about 20 years to my 
knowledge. In every case that I know of, the 
decision was that titration was better. The ex- 
planation is that when you place lime in water, 
it is a weak base and only a small percentage 
will ionize. This ionized portion is measured by 
pH. If the ore characteristics change and lime 
is consumed, the ionized portion is removed 
but is immediately replaced by ionization of the 
un-ionized portion. Thus the pH can remain 
constant and yet lime be consumed. Was your 
titration on tailing water? 


R. B. ApAIR—Yes. 


F. X. Tartaron—lIf you determine the pH 
you would not get a figure on the actual lime 
consumption; but if you titrate, comparing the 
lime actually added to the lime present in the 
water, you can compute the lime consumption. 
We made quite a number of such determina- 
tions on flotation of Minnesota iron ores and 
could follow the lime consumption through the 
various steps of the process. I do not know of 
any case, perhaps someone else does, where pH 
was usable as a determinant of the quantity of 
lime to be employed. 

Did you find your titrations useful, the same 
as you found the determinations of xanthate 
useful in regulating your flotation? 


R. B. ADAIR—Very much so, yes. They were 
our chief guide to operation. The method that I 
described in some detail was on the determi- 
nation of what we called the collector power, 
because sometimes we were using other collec- 


tors in addition to xanthate. In a case like that 


your xanthate method would fail. 
One reason this particular method was 
valuable there was that it was fast, it could be 


* Jones and Laughlin Steel Corp., Ishpem- 
ing, Mich. 


done by unskilled labor in a matter of 30 to 40 
min. We could determine exactly the condition 
that was in our cells insofar as their needs, and 
at other periods we would go back and check 
the collector condition right through the cells 
from one end to the other. 

This was the factor that made us decide on 
stage addition of xanthate. 


F. X. TaArTARON—How did you differentiate 
between xanthate and lime when you used the 
tailing water? 


R. B. ADAIR—The methods for xanthate and 
lime were quite independent of each other. The 
lime determination was quite unaffected by 
the concentration of collector. To carry out the 
quite arbitrary test on collector concentration, 
it was necessary to first check to see that the 
lime condition was normal. If necessary, this 
was first corrected, then a sample taken for the 
xanthate test. 


A. F. Taccart*—Did you get any lead at 
all on the mechanism by which you lost 
xanthate with the slime ores? 


R. B. ApATR—I am afraid, Professor Taggart, 
I can suggest nothing in that line. We gave it a 
great deal of thought and discussion but we 
came to no conclusions worth recording, I 
would say. 


A. F. Taccart—I expected so, but some of 
the hunches you had and some of the leads you 
might have had would be, I think, valuable for 
the record. You are not going to be held down 
to them at all, but the other, fellow’s hunches 
are often valuable. 


R. J. Morron—I do not wish to start an 
argument as to the mechanism of adsorption, 
but it is possible that the adsorption of xan- 
thate in this particular instance parallels that 
of gold adsorption by certain talcose slimes. 
This is particularly noticeable in practice when 
using counter current decantation for solution 
recovery in the cyanidation process. 


E. H. Bronsont—My comment on this 
paper is that although it was well prepared, 
many details had been omitted which would 
have made it of much more value. For example, 
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in the description of the crushing plant we are 
unable to find information on the number of 
hours per day the plant operates or the hourly 
tonnage capacity. The only clue is the state- 
ment that the McCully crusher delivers a 5 in. 
product at a rate of over 500 tph. 


R. B. Aparr—The crushing plant normally 
operates two shifts, leaving the day shift 
available for maintenance and clean-up. 

The hourly tonnage rate is considered as 500, 
but wet ore can reduce this materially. The 
latest figures I have available are for August 
1947, in which the rates were as follows: 


Tons per Number 


Hour Installed 
RtoGully Grushers: we nul sare. 450 (2) 
Symmons Standards =. iiss Sy. 8 125 (4) 
Symons Shorthead............ 85 (5) 


Since the daily tonnage varied from 5500 to 
gooo, the actual operating time also varied 
widely. 


E. H. Bronson—Table 2 is labelled as 
typical screen analysis of crushing plant. Is 
this the product from the final screens or is it 
the feed to the fine ore bins? 


R. B. Apatr—Table 2 is the screen analysis 
of the crushing plant product, that is, the feed 
to the ball mills. 


E. H. Bronson—How were the Denver jigs 
modified to treat the native copper? What was 
the method of collecting the jig concentrates 
and transporting to the table? Would a cleaner 
jig have worked more satisfactorily? 


R. B. Aparr—The jigs were modified in 
several ways, the first being the installation of a 


third central bearing on the main shaft. Prior 


. 2 ae 


to this the whip in shaft was sufficient to wear | 


out bearings in a very short time. It was found 
that irregular shaped pieces of native copper 


would pass through the trash screen and blind © 


the lower wedge-bar screen. Thus it was neces- 
sary to use a relatively fine trash screen and 
coarse lower screen. Even with this frequent 
changes in jig bedding were necessary to keep 
the jig working. 

Jig concentrate was discharged continually 
from a spigot (54 to 3¢ in.) carried in launders 
to a Wilfley pump, which discharged into a de- 
watering cone. The cone spigot fed the table. 
A cleaner jig was used at first in place of the 
table, but it was found difficult to control with 
such a dilute feed. The table gave a visual 
control of the jigs, in that a dirty hutch product 
was at once evident on the table, and could be 
shut down for bed renewal. 


E. H. BrRonson—Are cast iron or steel balls 
used? The consumption of 3 lb per ton seems 
high for a comparatively soft ore at a coarse 
grind. 

R. B. ApatR—Most of the balls used were 
cast iron, though some forged balls were tried. 
The cast balls came from both Southern 


Rhodesia and South Africa in addition to — 


those made by the smelter department from 
scrap steel. Even with balls of Brinell hardness 
up to 600, the consumption was very high. 
Mutfulira ore is not soft. It is tough and very 
abrasive. You may be thinking of the ore at 
Roan Antelope which is relatively soft. Our 
grind of about 60 pct minus 200 mesh could 
scarcely be called a coarse grind. 
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Description of Concentrating Operations, Roan Antelope Copper 
Mines Limited, Northern Rhodesia 


By M. R. Goupicx* 


(New York Meeting, February 1948) 


THE Roan Antelope concentrator was 
originally designed with a nominal milling 
capacity of 6000 tons of copper ore per day 
but this was subsequently considerably 
exceeded. In broad outline the plant con- 
sisted of two No. 30 McCully gyratory 
crushers for coarse crushing, five 514-ft 
Standard Symons crushers in open circuit 
for secondary crushing, ten No. 98 Marcy 
ball mills arranged in five sections, each 
two-mill section with primary and second- 
ary Dorr classifiers for two-stage grinding. 
One stage of flotation roughing was fol- 


‘lowed by two stages of cleaning, all in air- 


lift type pneumatic flotation machines, 
with the final concentrates filtered on 
Oliver drum filters. Tailing was thickened 
in a 250-ft Dorr traction type thickener 
before pumping to the tailing dam. 
Concentrating operations commenced in 
June 1931, on the completion of the first 
two ball-milling sections and output was 
increased during the next few months as 
the remaining sections were finished. From 
the start, very few technical difficulties 
were experienced but a number of evolu- 


_ tionary changes have been made as a result 
__ of operating experience and the availability 


lope Copper 
ern Rhodesia. 


of improved equipment. These have re- 
sulted in plant and ore-flow alterations 


although the general scheme of ore treat- 


ment remains substantially as before. The 


main changes to date were the installation 


Manuscript received at the office of the 
Institute April 19, 1947. Issued as TP 2251 
in MINING TECHNOLOGY, 

January 1948. 4 
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of a new crushing plant at Storke shaft, 
some 7000 ft west of the original Beatty 
shaft; the completion of a two-stage second- 
ary crushing plant; an increase of 20 pct 
in ball-milling capacity; a change-over 
from pneumatic to a mechanical type of 
flotation machine for flotation roughing; 
the reduction of flotation cleaning from 
two stages to one stage. 


ORE TREATED 


Typically the ore treated consists of 
metamorphosed shales and sandstones with 
shales as the principal mineral-bearing rock 
carrying chalcocite, bornite and chalcopy- 
rite as the main copper minerals. Chalco- 
cite predominated in the original eastern 
end of the ore body but there is a pro- 
nounced trend to an increased proportion 
of the copper-iron sulphides as mining 
proceeds westward. Although the ore can 
be described as soft, this advantage is offset 
by the extremely fine dissemination of the 
copper minerals which calls for a high 
degree of comminution of the ore (90 pct 
minus-200 mesh Tyler standard) to give a 
reasonably satisfactory separation of min- 
eral from gangue. Latterly, there has been 
a tendency for the ore to become harder as 
shown by a reduction in the ball-milling 
rate from a previous figure of over goo tons 
per ball-mill day to the present output of 
some 800 tons. Chalcopyrite is not so finely 
disseminated and has also proved more 
amenable to flotation than chalcocite. 
Nonsulphide minerals are mainly the so- 
called oxides such as malachite, cuprite 
and melaconite with some chrysocolla and 


80 CONCENTRATING OPERATIONS, ROAN 


occasional noticeable amounts of native 
copper. 

A typical present day mill feed assay is: 
total Cu, 2.60 pct; oxide Cu, 0.12 pct; 


ANTELOPE COPPER MINES LIMITED 


This is not a gravity flow layout in the 
generally accepted sense but in this plant, 
with large quantities of various circulating 
loads, the benefits to be gained by gravita- 
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Fic 1—MAIN PLANT ARRANGEMENT OF CONCENTRATOR. 


SiOe, 55.5 pct; Al,O;, 17.2 pct; Fe, 3.9 pct; 
S, 0.9 pet; CaO, 1.8 pct; MgO, 4.6 pct; un- 
determined, 13.5 pct. This type of ore calls 
for no unusual method of treatment and 
the process in use closely follows accepted 
flotation concentration practice for sul- 
phide copper ores. 


PLANT LAyoutT 


The main plant arrangement is shown in 
the photograph (Fig 1) and in the sche- 
matic layout (Fig 2) which indicate the 
compact and convenient disposition of the 
secondary crushing, milling and flotation 
sections. The coarse crushing plant is 
situated at Storke shaft and the broken ore 
is transported some 7000 ft to the second- 
ary crushing plant by a five-section, 42 in. 
wide, belt conveyor system. 


tional flow of all of the main products 
would be largely offset by the added struct- 
ural complications of a sloping plant site. 

In order to take advantage of cheap 
transportation of concentrate by pumping, 
the filter plant is close to the smelter stor- 
age bins for flux, charge and reverts. The 
tailing thickener was so placed as to obtain 
a gravity flow from the mill and still be 
adjacent to the dam, thereby making use 
of only one pumping operation to complete 
the disposal of the tailing. These two sec- 
tions are not shown on the plan but are 
situated 1700 ft and 2500 ft, respectively, 
in a southeasterly direction from the main 
concentrator building. 

The coarse crushing plant, the secondary 
crushing plant, the main concentrator 
building, the various repair workshops and 
the mine store all have connection to the 
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Fic 2—SCHEMATIC LAYOUT OF CONCENTRATOR. 
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FIG 3—GENERAL FLOWSHEET OF CONCENTRATOR. 
(See opposite page for explanation) 
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. Storke headframe bins. Capacity 2000 ton. 


2. Two 72-ft pan feeders. Variable speed 


Io. 


II. 


- 42-in. belt conveyor. 


. 42-in. belt conveyor. 


. 42-in. belt conveyor. 


. One 48-in. 


de motor drive. 


. Two 6 X tro ft grizzlies. 314 to 4 in. open- 


ings. Hinged at bottom, sprung at top. 


. Two 30-in. McCully gyratory crushers. 


180 hp motor drive through 14 1X 1\4 
in. V belts. 

Two 48-in. pan feeders. Variable speed 
de motor drive. 

42-in. belt conveyor. 400 ft per min. 
Length, 377 ft: rise, 23 ft 6 in. 50 hp 
motor: No. W1. 

42-in. belt conveyor. 400 ft per min. 
Length, 2088 ft: fall, 17 ft 4 in.: 125 
hp motor: No. W2. 

400 ft per min, 

Length, 2096 ft: fall, 37 ft 6 in.: 125 hp 

motor: No. W3. 

4oo ft per min, 
Length, 1548 ft: rise, 7 ft 6 in.: 125 hp 
motor: No. W4. 

42-in. belt conveyor. 4oo ft per min. 
Length, 1285 ft: rise, 18 ft 5 in.: 125 hp 
motor: No. Ws. 

42-in. belt conveyor. 400 ft per min. 150 
hp motor: No. 2 

400 ft per min. 

Length, 100 ft with automatic tripper: 

No. 3 


. Standard Symons storage bins. 3000-ton 


capacity. 


. Five 48-in. drum feeders. 
. Five 28-in. belt conveyors (No. 4A to 4E) 


incline lift 27 ft. Magnetic head pulley. 
15 hp motor. 


. Five 4 X 6 ft Type 60 Hummer screens 


set at 37° with 144 X 134 in. openings. 


. Five 51-ft Standard Symons cone crush- 


ers. Direct coupled to 150 hp motor. 


. Main 48-in. collecting belt conveyor (No. 


5B). 150 hp motor. 


. One 48-in. cross conveyor (No. 5C). 150 


hp motor. 
conveyor with automatic 
tripper (No. 5D). 150 hp motor. 


. Shorthead Symons storage bins. 4000-ton 


capacity. 


. Five sets of two 30-in. drum feeders— 


5 hp motor for each set. 

Five sets of two 60 X I02 in. double deck 

' Gyrex screens. Top cloth 1 X1 in. 
Bottom 3 X 114 in. openings. 

Five 30-in. inclined feed conveyors (No. 
4F to 4K) 15 hp motors. Magnetic head 
pulleys. 


. Five 5%-ft. Shorthead Symons crushers. 


V belt drive from 200 hp synchronous 
motors. 


. Five 24-in. conveyors for Gyrex screen 


undersize (No. 5E to 5J) 10 hp motors. 


. One 42-in. collecting belt (No. 5K). 25 hp 


“motor. 


. One 42-in. conveyor (No. 6). Incline lift of 


75 {t. 125 hp motor. 

One 42-in. conveyor (No. 7) with auto- 
matic tripper. 75 hp motor. 

One 42-in. cross conveyor from splitter 
(No. 6A). 20 hp motor. 

One 42-in. conveyor with automatic tripper 
(No. 7A). 70 hp motor, 
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No. 1 fine ore bin. Capacity 7200 tons in 
6 sections of 1200 tons. 

No. 2 fine ore bin. Capacity 7200 tons 
in 6 sections of 1200 tons. 

Thirty-six 18-in. roll feeders. Six feeders per 
bin section. 5 hp motor per set of six 
feeders, 

Six 20-in. belt conveyors (No. 8),/46-ft 
long, collecting from roll feeders. 5 hp 
motor each. 

Thirty-six 3-ft wide pan feeders. 6 feeders 
per bin section. 5 hp geared motor per 
feeder, 

Six 24-in. belt conveyors (No. 8A) collect- 
ing from pan feeders. 5 hp motor each. 
Six 20-in. belt conveyors (No. 9) Merrick 
Weightometer on each. 10 hp motor 

each, 

Twelve 9 X 8 ft Marcy ball mills. 20.3 
rpm. Direct-coupled to 400 hp motors. 

Twelve 8 X 30 ft Dorr FX classifiers. 20 
strokes per min. 25 hp motors. 

Twenty-four 6-in. Wilfley pumps. Two 
per mill. One in use with other as 
stand-by. 

Twelve 2-cell scalping flotation machines. 
24-in. impellers. Concentrates to cleaner 
flotation machines, 

Ten Dorr quadruplex bowl classifiers, 
12 X 32 ft with 18-ft bowl. 15 hp motors. 

Two Dorr FX turret bowl classifiers. 

“14 X 36 ft with 20-ft bowl. 25 hp motors. 

Four 8-in. Wilfley pumps. Bowl classifier 
overflow to flotation sections. 

One 2-way distributor, 

Two 15-way distributors supplying me- 
chanical flotation machines. 

Fifteen 18-cell Agitair flotation machines. 
5 hp motor for each two cells. Roughers. 

Fifteen 18-cell Agitair flotation machines, 
5 hp motor for each two cells. 

Two 6-in. Wilfley pumps. Primary rougher 
concentrates to cleaner section. 

Three 22-ft airlift flotation machines as 
cleaners. : 

Two 6-in. Wilfley pumps. Intermediate 
flotation products to regrind sections. 
Two 35-ft diam Dorr thickeners modified 

for use as classifiers. 

One 4-ft 6-in. X 12 ft and one 7 X 12 ft 
ball mill. Grinding intermediate flotation 
products. 

One 6-in. Wilfley pump elevating mill 
discharge to classifiers. 

Two 3-in. CA Wilfley pumps. Final con- 
centrate to filter plant. 

One 6 ft X 20 in. Dorr classifier. 12 strokes 
per min. 5 hp motor. Coarse product to 
filter. 

One 50-ft Geco thickener. 2}4 hp motor. 
Thickened product to filters. 

Two 3-in. CA Wilfley pumps. Thickener 
underflow to filters. 

Three 8 X 8 ft Oliver drum type filters. 
Cake 10 pct moisture to smelter bins. 
One 250-ft Dorr traction thickener. 2 rph. 

Io hp motor. 

Four 6-in. Wilfley pumps. 125 hp motors. 

Two 8-in. Wilfley pumps. 125 hp motors. 
Delivering to main tailings dam. 
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standard 3 ft-6 in. gauge railway line which 
enables heavy spares or parts for repair to 
be transported and off-loaded where 
required. 
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average crushing rate—a certain amount of 
space above the feeders serving as a storage 
for temporary surges and permitting a more 
regular delivery of ore to the belt conveyor 
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vunction Tunnel 
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Belt weil -42" veg ty ig-a 400 ft per min gyi 
rougher spacing-3°4" Return idler spacing-k 
Capacity -/300 the er hour 
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A general flowsheet of the concentrator 
is shown in Fig 3 and this also gives a large 
amount of data covering the equipment in 
use. 

COARSE CRUSHING 


The coarse crushing plant is situated at 
the side of Storke shaft headframe where 
ore skips dump into storage bins of 2000- 
ton capacity. All ore is passed through 
18-in. spaced grizzlies before loading into 
skips but occasionally large slabs occur and 
runs of wet fines cause difficulties. All 
crushing equipment is in duplicate. 

Ore is removed from the bin by 72-in. 
wide, heavy-duty, variable speed, apron 
feeders delivering onto spring supported 
grizzlies. The grizzly oversize passes to 
No. 30 McCully gyratory crushers set to 
about 4 in.; the crusher discharge and the 
grizzly undersize both drop onto 48 in. wide, 
variable speed, apron feeders which deliver 
to the first section of the surface ore trans- 
port system. The 72-in. apron feeders pro- 
vide a positive and controlled rate of feed 
to the crushers while the 48-in. feeders 
protect the conveyor belt from the severe 
treatment that it would otherwise receive 
from large pieces of ore dropping onto it 
from the crusher discharge and the grizzly 
undersize. The speed of the smaller feeders 
is so set that they discharge at about the 


-ei _ Conveyor W3. length 2096" Fall. 576" 


Fic 4—SURFACE ORE- 


below. The use of apron feeders has been 
amply justified by the satisfactory service 
given; maintenance has been confined to 
the replacement of a few links and support- 
ing rollers. 

Grizzly spacing was originally set to vary 
from 2}4-in. wide at the top to 3!4-in. wide 
at the bottom, but this has since been in- 
creased by an additional inch to minimize 
choking when handling wet ore. The use of 
spring supports for the grizzly bars materi- 
ally assists in reducing the shock of large 
blocks of ore dropping onto the bars but 
has not proved of any particular value in 
preventing chokes caused by damp fines in 
the ore. The two McCullys have a capacity 
of about 500 tons per hour each and are 
frequently in operation together, giving a 
total tonnage of upwards of 1200 tons per 
hour of initial feed to the grizzlies which is 
close to the rated capacity of the surface 
ore transport system. 


SURFACE ORE TRANSPORT SYSTEM 


The surface ore transport system (Fig 4) 
which carries the crushed ore from the 
primary crushers to the secondary crushers 
is not part of the concentrator proper but 
the association is so close that it is con- 
sidered that a description of this system 
can well be included here. 
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This system consists of five individual 
tandem belt conveyors covering the 7000 
ft from Storke shaft coarse crushing plant 
to the secondary crushing plant adjacent 


through heavy duty Falk reduction gears. 
The short conveyor (No. W.1) has head 
pulley drive to the belt but each of the 
other longer conveyors is driven through 
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TRANSPORT SYSTEM. 


to the concentrator. There is a fall of about 
6 ft in favor of the load with the lowest 
point some three-fifths of the distance from 
Storke shaft. Preliminary calculations 
showed that it would be possible to use four 
long individual conveyors with the lengths 
so arranged that the power requirements 
would be approximately the same for each 
section. However, because of the location 
of a service shaft and the hoist house, it 
was necessary to use a short section of con- 
veyor (Conveyor No. W.1) at right angles 
to the main conveyor line to avoid these 
obstacles. This conveyor has a 64-in.-diam 
ironclad type electromagnet suspended 
over the bronze head pulley to remove 
tramp iron and steel from the ore. 
Conveyor belt width is 42 in. and the 
belt speed is 400 ft per minute, giving a 
maximum capacity of 1300 tons per hour. 
Troughing idlers spaced at 3-ft 4-in. 
centers, are of 6-in. diam, three section and 
fitted with taper roller bearings. Rubber 
covered troughing idlers of the same general 
design are used under the loading chutes 
to minimize the impact of large pieces of 
ore falling onto the belt. Return idlers are 
of the plain tubular type, 6-in. diam, also 
fitted with roller bearings but spaced at 
to ft centers. Mechanical power transmis- 


sion for each drive is from the motor 


tandem lagged pulleys situated close to the 
head pulleys. 

All five drive motors operate at 3300 
volts, three phase ac; the motor for Con- 
veyor No. W.1 is of 50 hp but the other 
four motors are interchangeable and each 
of 125 hp. Starting is by remote control 
from the secondary ore bins; Conveyor 
No. W.5, is started up first and when up 
to speed a centrifugal switch energizes the 
starter for Conveyor No. W.4 and so on 
progressively along the system. 

Various types of conveyor belt were used 
with the object of obtaining information as 
to the relative merits of the various makes 
and types. Operating results indicate that 
belts of 6-ply, 42-0z duck 34 -in. top rubber 
cover give the most satisfactory service 
closely followed by belts of 9 to 7-step ply, 
32-0z duck and 34¢-in. top rubber cover. 
It is anticipated that with these belts it will 
be possible to transport 20 million tons of 
ore before replacement will be necessary. 

Maintenance has been extremely light 
and the very successful operation of the 
system is undoubtedly a result of the sub- 
stantial steel work carrying the conveyor 
idlers and the use throughout of antifric- 


tion bearings. Table 1 shows general 


operating data. 
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1—General Operating Data, to 
December 1945 


System started up, Sept. 14, 1939 
Tons of ore transported to date...... 13,859,740 
Total sunning time; Urs vakiam oot 21,148 
Average tons of ore transported per 
Month sw eid oes cele cao ee ete 
Average tons of ore transported per 
OPEFA MDA WOUN sears eriine shales pe 655 
Power consumed, kw-hr per ton of ore 
transported arcs cioe es ait de oorieteseas 
Tons ore transported per man shift. 39 
Cost in shillings per ton ore trans- 
POLES aco cu she's ouetolene pinion’ demon nee 
Average operating labor requirements: 
FICADS, Det Slit banat eeis class ieeucrer 
Repair labor per day: 
EGPoPeGand sx sich. saw ens feres ereieretone oe 
Afri Canig or teva istvecs tlie cvayelamehe atete 
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FINE CRUSHING 


Fine crushing is carried out in two stages; 
the first stage in open circuit and the second 
stage in closed circuit to produce a final 
product of minus-3¢ in. 

Ore from the surface ore transport con- 
veyors delivers onto a 42-in. wide belt 
conveyor which elevates the ore 72 ft and, 
in turn, delivers to a distributing conveyor 
passing over the secondary (Standard 
Symons) ore bins of 3000-ton capacity. 

Five 51¢-ft Standard Symons crushers 
are used in the first stage of fine crushing. 
Ore for the crushers is taken from the bins 
by five roll feeders, each of which is driven 
from the tail pulley of the 28-in. wide belt 
conveyor that supplies each crusher. Pro- 
tection against tramp steel is provided for 
each crusher by a 42 in. diam iron-clad 
type electromagnet that is suspended over 
the bronze conveyor head pulley. A type 
60 Hummer screen (area 6 X 4 ft) is set 
at 37° ahead of each crusher and is normally 
fitted with screen cloths of 14 X 114 in. 
openings which remove approximately 
15 pct of the original feed as undersize. 
Latterly, because of an increased propor- 
tion of moisture in the fines in the ore, it 
has been found advantageous to increase 
the screen mesh to 1 in. wide so as to 
minimize screen blockages and delays. 

The five secondary fine crushers are also 
534-ft Symons but of the Shorthead type. 
All ten crushers are in line and the crusher 
product is elevated to the top of the 4000- 


ton Shorthead Symons ore bins by a series 
of three 48 in. wide conveyor belts, the last 
of which has an automatic tripper for ore 
distribution. 

The Shorthead chet ore bin has five 
equally spaced sets of two discharge open- 
ings; each pair of openings has roll feeders 
driven by to hp motors through worm 
reduction gears. Feed rate is varied by 
means of arc gates, each feeder discharging 
onto a No. 60-102 (screen size in inches) 
Gyrex screen which makes a finished minus 
3¢-in. product and an oversize that con- 
stitutes the feed to the Shorthead Symons 
crushers. The minus product from the 
screens, together with the Hummer screen 
undersize, is transported by belt conveyors 
to the fine-ore storage bins supplying the 
ball mills. 

The Standard Symons crushers are direct 
driven by 150 hp motors through flexible 
couplings but the original drives for the 
Shorthead Symons crushers consisted of V 
belts from a small motor pulley to a large 
crusher pulley. This latter arrangement 
has been found unsatisfactory because of 
pulley breakage on the crushers, which is 
liable to happen if there is a sudden choke; 
slower speed motors with direct drive are 
now standard on all crushers. 

Because of the flaky nature of the ore, 
which is conducive to dust production, and 
the almost complete absence of atmospheric 
humidity during the dry season, the prob- 
lem of dust control is of particular signifi- 
cance. So-called .atomizing sprays have 
been found quite useless for preventing the 
dispersion of dust but heavy wetting of the 
dry ore following the secondary crushers 
has been of considerable assistance in pre- 
venting dusting at the conveyor transfer 
points and above the ore bins. The Short- 
head Symons crushers which handle dry, 
clean ore are relatively heavy dust pro- 
ducers but these crushers have been ef- 
fectively hooded and the hoods connected 
to an exhaust system. All conveyor transfer 
points, ore chutes and crusher discharge 
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chutes are connected to exhaust systems 
that draw through dry cyclone-type col- 
lectors followed by wet spray collectors and 
wet scrubbers before discharging to atmos- 
phere. The accumulated dust from the 
various collectors plus a relatively large 
quantity of the finer floor sweepings are 
washed into a pump sump and pumped 
across to one of the grinding section classi- 
fiers by a 2-in. Wilfley pump. This ef- 
fectively removes the dust and very 
satisfactory working conditions are main- 
tained, particularly in the main operating 
areas. 

With a regular supply of ore from the 
mine, the crushing plants have capacity in 
excess of 800 tons per hour and it is general 
practice to run these sections on afternoon 
and night shifts only, leaving the whole of 
day shift available for general maintenance. 
When crushing at the rate of 8000 to 10,000 
tons per day the labor force consists of one 
general crusher foreman, two shift foremen, 
six operators (one each per crushing shift 
on coarse crushers, Symons crushers and 
conveyors respectively), three repairmen, 
one greaser-craneman and a total of 110 
Africans. 

Costs have shown a general increase 
during the last year as a result of higher 
wage rates and the greater cost of all 
supplies. A typical cost distribution over 
the various crushing sections described is 
as follows: labor, 0.088; power, 0.058; main- 
tenance, supplies and the like, o.16s; total, 
0.29 shillings per ton milled. 


GRINDING AND CLASSIFICATION 


‘The ball milling section was originally 
laid out for two-stage grinding using No. 98 
Marcy ball mills for both primary and 
secondary grinding. With this arrangement 
considerable difficulty was experienced in 
maintaining a correct balance of loads 
between the two mills and finally this 
scheme was abandoned in favor of single- 
stage grinding which has been found more 
flexible and generally more efficient. 


Two parallel sets of fine ore storage bins 
are provided holding a total of 14,400 dry 
tons of ore, about 75 pct of which is live 
load although this proportion varies ap- 
preciably with the moisture content of the 
ore. This tonnage is sufficient to run the 
plant through Sunday when no ore is 
hoisted or crushed. 

No. 1 ore bin is of the catenary type but 
No. 2 is of the braced, hopper-bottom type 
and each bin is divided into six sections 
with each pair of sections feeding two ball 
mills. Ore is discharged from No. 1 fine-ore 
bin by small roll feeders driven from a 
countershaft running the length of the bin 
and although these feeders are satisfactory 
on dry ore they do not give satisfactory 
clearance when damp fines are present and 
considerable difficulty is experienced in 
keeping the ore on the move. To remedy 
this, each section of No. 2 fine-ore bin is 
fitted with six pan feeders, each under a 
3 X 6ft discharge opening and this has been 
found most effective in making possible a 
practically complete clearance of the bins. 

Ore from the feeders falls onto the col- 
lecting belts—one per bin section—which 
in turn deliver to the mill feed belts. The 
feed belts pass over Merrick Weighto- 
meters, for tonnage record purposes, and 
at the head end a splitter divides the feed 
equally between a ball-mill scoop box and 
a short cross conveyor belt that supplies the 
next ball mill. 

Reference to the flowsheet will show that 
two-stage classification is used. The mill 
discharge flows down a launder to a 8-ft 
wide by 30-ft long Dorr FX type classifier 
and by using a 72-in. radius scoop on the 
ball mill it has been possible to avoid the 
use of any auxiliary elevating scoops for 
the primary classifier circuit. The classifier 
sands return to the mill by gravity. A 6-in. 
Wilfley pump elevates the primary classifier 
overflow to a scalper flotation machine 
followed by the secondary bowl classifier. 
The scalper flotation machine consists of 
a two-cell, No. 7 size, minerals separation 
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machine with two 24-in. diam impellers 
driven by one to hp motor through V belts. 
Approximately 60 pct of the recoverable 
copper is removed by the scalpers in the 


classifiers with 14-ft wide by 36-ft long 
raking compartments and 20-ft diam bowls. 
These can handle heavier circulating loads 
and give more effective classification. 
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Fic 5—Layout OF GRINDING AND CLASSIFICATION SECTIONS. 


form of a 48 pct copper grade of concentrate 
which is pumped to the cleaner flotation 
section. Tailing from the scalper flows 
directly into the bowl compartment of the 
Dorr bowl classifiers. 

The original ten grinding sections had 
the old style Quadruplex Dorr bowl classi- 
fier with a 12-ft wide by 32-ft long raking 
compartment and an 18-ft diam bowl. 
These classifiers have continued to give 
excellent service with the minimum of 
maintenance but the two newer sections 
(No. 11 and 12) are equipped with the more 
modern heavy-duty Dorr FX Turret bowl 


The disposition of the major units of 
equipment in the grinding and classifica- 
tion sections is shown in Fig 5. 

Ball mill discharge is held at between 78 
and 84 pct solids as this range covers the 
most satisfactory pulp density for efficient 
grinding. The circulating load is about 400 
pct of the new feed to the mills with the 
primary classifier responsible for 150 pet 
and the secondary classifier for the remain- 
ing 250 pct. Final grinding’ product is 
maintained at 90 to 92 pct minus-200 mesh 
(Tyler Standard) and at this fineness the 
ball mills have a capacity of some 800 tons 
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per ball mill day, varying with hardness of 
the ore milled. 

Steel balls 4-in. diam are used for grind- 
ing and these are cast at the smelter from 


outside sources. Liner consumption aver- 

ages 0.20 lb of steel per ton of ore milled. 
The whole of the ball mill and repair bay 

is served by a travelling electric crane with 


Cast LINERS 


Rait LINERS 


Fic 6—LInINGS FOR MARCY MILLS. 


scrap steel melted in an electric furnace. 
Ball consumption is at rate of 1.4 lb per ton 
milled and this is less than to pct higher 
than with best quality forged steel balls 
while the cost per ton milled is less than one 
third that of the forged balls. 

The ball mills are lined with 60 lb 
secondhand railway rails (Fig 6). Two 


- interlocking layers of rails are used laid 
longitudinally against the mill shell and 


firmly held together in place by ramming a 
“dry” cement mixture (1 to 2) into the 
spaces between the rails. One such lining, 
costing about £50, has a life of 150,000 
tons milled compared with 280,000 tons 
obtained in the past witn orthodox cast 
alloy steel liners costing £1100 per set 
(pre-war cost—probably at least £1800 
now). Feed end liners are cast steel seg- 
ments, also cast from scrap at the smelter, 
but discharge grates are still obtained from 


a go-ton main lift and a 15-ton auxiliary 
lift. The crane is capable of lifting a fully 
loaded mill or a complete classifier. A small- 
er travelling crane serves the whole of the 
secondary classifiers. 

Two spare mill shells are available; one 
is kept ready lined and loaded with balls for 
replacement of a mill needing repairs. The 
second mill is necessary to avoid the possi- 
bility of a mill not being available when 
required, as relining a mill with rails takes 
upwards of three days although actual 
replacement of a mill by a relined mill is 
accomplished in approximately 6 hreenbe 
rail lining is placed in position with the 
mill shell on end on the floor but for other 
repairs the shell is placed on a substantial 
rack with the shell resting on rollers ena- 
bling it to be turned as desired and every 
part made accessible from a convenient 
working platform. A typical sizing analysis 
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of the mill feed and final product is given 
in Table 2. 


TABLE 2—Typical Sizing Analysis of Mill 
Feed and Final Product 


Mill Feed, 3 Pct | Flotation Feed, 


oisture 25 Pct Solids 
Size Per- Per- 
Per- | centage | Per- | centage 
centage| Weight | centage] Weight 
Weight | Cumu- | Weight} Cumu- 
lative lative 
on 0.371 in. 13.8 13.8 
3 mesh 24.1 37.9 
6 mesh 18.5 56.4 
20 mesh 14.9 7T.2 
100 mesh 6.1 17.4 ORT On) 
150 mesh To2 78.6 1 eg 1.8 
200 mesh rts 80.1 6.8 8.6 
— 200 mesh 19.9 100.0 91.4 100.0 


Labor requirements for operating 12 mills 
are 2 operators and 12- natives per shift 
with one shift foreman who is also in charge 
of the other non-crushing sections of the 
plant. Cost distribution of grinding and 
classification per ton milled, on a basis of 
8000 to 10,000 tons milled per day, is as 
follows: labor, 0.08s; power, 0.26d; grinding 
material, 0.118; maintenance, supplies and 
the like, 0.08s; total, 0.53s. 


FLOTATION 


Because the sulphide minerals are very 
finely and uniformly disseminated through 
the ore, the main problem is essentially 
that of freeing these minerals. Microscopic 
examination of flotation tailing shows that 
85 to 90 pct of the sulphides are in the form 
of attachments even when grinding to 
go pct minus-200 mesh. The relatively high 
sulphide-iron ore from the western section 
of the mine contains an increased propor- 
tion of chalcopyrite which is freed at a 
much coarser degree of comminution than 
is required for the predominantly chalco- 
citic ores but, as a considerable proportion 
of the latter ore will also be milled, it will 
still be necessary to grind to the usual 
fineness. The operation of the scalper flota- 
tion machines, meritioned when describing 


the grinding section, has been of consider- 
able assistance in removing the chalcopy- 
rite and bornite as soon as freed at floatable 
size and thus preventing the overgrinding 
of these minerals. 

The intimate association of mineral and 
gangue also dismisses the possibility of 
coarser grinding followed by bulk flotation 
to produce a low grade concentrate which 
could be reground for further elimination 
of unwanted gangue. Present practice is to 
provide a flotation feed ground to go to 
92 pct minus-200 mesh and with an ore 
containing 2.6 pct total copper and 
0.12 pct oxide copper. An overall recovery 
of 91 to 92 pct copper can be made in a 
concentrate containing 50 to 52 pct copper. 

All flotation was originally carried out in 
airlift type flotation machines with a total 
length of 220 ft for primary roughing, 
660 ft for secondary roughing, 110 ft for 
cleaning and 8o ft for recleaning. Results 
were good and maintenance costs were low 
with the airlift machines but control was 
not as close as desirable and in 1937 the 
first mechanically agitated type of flotation 
machine was introduced and by 10941 all 
of the rougher flotation section had been 
changed to this type. 

Flotation feed consists of the combined 
bowl classifier overflows and ranges between 
1 and 1.2 pct copper with an original mill 
feed containing 2.6 pct copper—the reduc- 
tion in grade of feed being due to con- 
centrate removed by the scalper flotation 
machines. The flotation feed is elevated 
by 8 in. Wilfley pumps to a two-way splitter, 
each section of which supplies a 15-way 
distributor feeding the rougher flotation 
machines. All flotation roughing is carried. 
out in a total of 30, 18-cell, No. 36 Agitair 
flotation machines (cross section of each 
cell, 36 X 36 in.); each pair of cells being 
V belt driven from a 5 hp vertical electric 
motor. The first four feed-end cells produce 
a primary rougher concentrate of 24 to 
30 pct copper grade which is pumped to 
the ‘cleaning’ sé¢tion.” Secondary’ rotigher 
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concentrate, from the remaining 14 cells 
in each machine, averages about 2.5 pct 
copper and is returned to the feed end of 
the rougher machines. Tailing from the 
last cell of each rougher machine flows 
2500 ft by gravity to the tailing thickener. 

The mechanically agitated flotation 
machines have given improved operating 
efficiency and better metallurgical results 
but maintenance costs are appreciably 
heavier than with the airlift machines. 

Flotation cleaning has been reduced to 
one stage only, using two rebuilt 22-ft long, 
airlift type flotation machines for this 
purpose with a third machine available as 
a stand-by. Feed to the cleaning section 
consists of primary rougher concentrate 
plus the concentrate from the scalper flota- 
tion machines. The latter can make a 
finished grade of concentrate but for control 
purposes it is more convenient to make 
finished concentrate at one position only. 
With the inclusion of the scalper concen- 
trate, the feed to the cleaner machines 
ranges from 35 to 40 pct copper and a 
finished grade is produced of 50 to 52 pct 
copper which is pumped 1700 ft to the 
filter plant. Cleaner tailing averages 
10 pct copper and is pumped to the regrind 
ball mill section. This section consists of a 
35-ft diam Dorr thickener for preliminary 
dewatering; water to the mill water system 
and thickened underflow to a second 35-ft 
thickener which has been adapted to serve 
as a hydroclassifier by reducing the tank 
height and raising the rake speed. The 
underflow from the classifier passes to one 
434 X 12-ft ball mill and one 7 X 12-ft 
ball mill operating in parallel. Mill dis- 
charge is pumped back to the classifier, the 
overflow from which constitutes the final 
regrind section product and is returned to 
the main flotation feed. 

Although the cleaner tailing is reground 
to 98 pct minus-325 mesh there is still an 
appreciable quantity of mineral attachment 
present and some difficulty is experienced 
in making a satisfactory grade of concen- 


trate with reasonable recovery. Separate 
treatment of the reground cleaner tailing 
was tried for some time but the best overall 
results have been obtained by returning 
this material to the main flotation feed. 

A typical analysis of final concentrate is: 
total Cu, 51.6 pct; oxide Cu, 0.6 pct; 
SiOe, 14.9 pct; Al,Os, 4.1 pct; Fe, 6.9 pct;S, 
18.0 pct; CaO, 0.4 pet; MgO, 0.6 pct; 
undetermined, 3.5 pct. 

Air for frothing is supplied at 1.4 psi by 
two positive displacement blowers each 
driven by a 125 hp motor and delivering 
a total of 25,000 cu ft of free air per minute. 
These are to be replaced shortly by a turbo- 
blower with a capacity of 30,000 cu ft of 
free air per minute. 

Flotation reagents currently consist of 
potassium (or sodium) ethyl xanthate, 
0.035 lb per ton; pine oil, 0.55 lb per ton; 
sodium sulphide, 0.130 lb per ton of ore 
milled. The first two are added to the ball- 
mill circuit and the last is added ahead of 
the flotation feed pumps. Reagents are 
stored and mixed in a separate building; 
the mixed reagents and the pine oil are 
elevated by air pressure through separate 
pipes to the appropriate feeders which are 
of the disc and bucket type. 

Both the mill-circuit water and the make- 
up water have a slight natural alkalinity 
(pH 7.8 to 8.1) and no lime or other con- 
ditioning agent has been found either 
necessary or desirable. 

Wet samples are taken automatically by 
electrically operated and controlled samplers 
that cut at 20 min intervals and all samples 
are dried to constant weight in a thermo- 
stat-controlled, electric drying oven. 

Flotation labor per shift consists of one 
operator for roughing, one operator for 
flotation cleaning and sampling and a 
total of 5 Africans. Costs per ton milled 
are divided as follows: labor, 0.048; re- 
agents, 0.138; royalties, 0.178; power, 0.088; 
supplies and the like, 0.03s; total, 0.45 
shillings. 
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CONCENTRATE HANDLING 


Cleaner concentrate at 50 to 55 pct solids 
is pumped 1700 ft to the filter plant using 
3 in. Model CA Wilfley pumps driven by 
40 hp motors, one pump usually being 
sufficient. These pumps are a special high- 
pressure, heavy-duty type with feed inlet 
at shaft height and have given very good 
service. 

Originally, the concentrate was thickened 
to about 70 pct solids in a so-ft diam 
““Geco”’ traction-type thickener and then 
pumped to the filters. With the production 
of concentrate by the scalper flotation 
machines the final concentrate increased in 
coarseness from 98 pct minus-200 mesh to 
the present figure of around 82 pct minus- 
zoo mesh. The coarser product settled 
rapidly and this, together with an increase 
in concentrate production, tended to over- 
load the thickener. To rectify this, a 6-ft 
wide Dorr duplex classifier was rebuilt 
to the low slope of 1}4 in. per foot and set 
ahead of the Geco thickener. The classifier 
operates at 11 strokes per minute and, with 
the concentrate first fed to the classifier, 
approximately 60 pct is removed in a 
relatively coarse product. The ‘classifier 
overflow gravitates to the thickener and 
the thickened product joins the classifier 
sands and both are pumped to the 8-ft 
diam by 8-ft long Oliver drum filters. 
Three filters are installed but, with a new 
cloth, one filter is capable of drying over 
300 tons of concentrate per day from an 
initial feed of 70 pct solids to produce a 
filter cake of 9 to 10 pct moisture. A series 
of three 20 in. wide conveyor belts deliver 
the filter cake to three stock bins of 125-ton 
capacity each, from which the concen- 
trate is removed by belt feeders into the 
smelter concentrate handling system as 
required. 

The thickener overflow and the filtrate 
from the filters pass to brick settling vats 
which recover a certain amount of very 
fine suspended concentrate and then the 


clear water flows to the main mill water 
supply tanks. 

Because of the relatively large amount 
of free alumina in the concentrate, the 
filter cloths blind rather rapidly and the 
usual life of a cloth is one month with one 
removal and washing during that period. 

In addition to the three Oliver filters, the 
principal items of equipment in the con- 
centrate filter plant are three 18 X 9 in. 
vacuum pumps, two 12 X 9g in. air com- 
pressors, two filtrate pumps and three 
mechanically agitated storage tanks for 
concentrate. 

Labor requirements for concentrate 
handling are one operator and three Africans 
per shift and operating costs are 0.0458 
per ton milled, largely representing labor 
and power costs. 


TAILING DISPOSAL 


Concentrator flotation tailing flows 2500 
ft by gravity, to a 250-ft diam Dorr traction 
thickener, through two pipes in parallel, 
one of 18 in. and one of 22 in. diam. The 
clear thickener overflow passes directly to 
the main water storage tank and is returned 
to the mill circuit with enough make-up 
water to compensate for losses. Return 
water pumps consist of three of 1700 gpm 
and two of 850 gpm capacity, driven by 
110 and 60 hp motors, respectively. 
Usually two large pumps and one small 
pump are sufficient to provide ample water 
at the concentrator at 35 psi. Water re- 
quirements are approximately 3 tons of 
water per ton of ore milled. Of this about 
2 tons is return water from the thickener 
overflow, concentrate filtrate and others, 
and one ton is new make-up water obtained 
partly from water pumped from the mine 
and partly from the Luanshya stream. 

Thickened tailing at 55 to 65 pct solids 
flows from the bottom of the thickener to a 
pump-surge tank and from there to the 
main tailing disposal pumps. Four 6-in. 
Wilfley pumps are available, each driven 
at 1286 rpm by 125 hp motors and each 
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capable of delivering 4000 tons of solids 
per day through a 12-in. pipe line extending 
over 8000 ft to the furthest section of the 
tailing dam. An additional 8-in. Wilfley 
pump is kept as a stand-by for use in 
emergencies and only delivers to the nearest 
section of the dam. Discharge riser pipes, 
6-in. diam and each with a valve, are 
spaced at about 300-ft intervals along the 
face of the dam. 

The tailing dam is built along a gentle 
slope and as the dam increases in height 
there is also an increase in the area of the 
dam as it extends further up the slope. 
This calls for one main wall and two taper- 
ing wing walls that join with the natural 
slope of the terrain. A water basin forms 
where the dam meets the ground slope 
and the clear settled water is drawn off 
by diversion ditches provided with weirs 
that are raised to keep pace with increase 
in the general height of the dam. 

Dam building is carried out by raising 
a wall of damp tailing some 12-in. high 
along the top edge of the dam, using 
material dug from a ditch running along 
the inside of the wall. This ditch then pro- 
vides a means of distributing the tailing 
from the discharge pipe along the top of 
the dam wall. Tailing is run into every 
third section of the dam for one day and 
on the following day this section is cut off 
and the next section opened up. On the 
third day the last section is receiving tailing 
while the first section has drained suffi- 
ciently to enable the front of the wall to be 
built up again, ready for a further 3-day 
cycle. Each time that the outer wall is 
raised it is also pulled inward to give an 
average wall slope of 30° from the hori- 
zontal which has been found by experience 
to give the greatest all-round stability. 

Although dam building is a relatively 
simple matter during the dry months, con- 
siderable difficulty is experienced in the wet 
season because of softening and sloughing 
of the outer face of the dam. 


Tailing disposal labor consists of one 
operator on each shift with an additional 
charge-hand on day shift who is responsible 
for general supervision and for repairs to 
eroded sections of the dam. The African 
labor strength is 65 of whom 15 are divided 
equally among the 3 shifts and the 
remainder are engaged in building up the 
dam wall on day shift. Costs for tailing 
disposal are: labor, 0.038; power, 0.038; 
miscellaneous, 0.018; total, 0.07 shillings 
per ton milled. 


GENERAL 


In conformity with modern design, the 
various concentrator buildings are of all- 
steel construction on heavy reinforced 
concrete foundations. Roofing and side cov- 
ering consist of galvanized corrugated steel 
sheeting with ample provision for natural 
lighting. Reinforced concrete flooring is 


TABLE 3—Operating Data 
Cost PER TON 
CONCENTRATOR COSTS MILLED 
By Processes 
Crushing, conveying and screening. 
Grinding and classification......... 
lata tioneacieviote ycieeieilefe cists we 
Concentrate handling............. 
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Mill water sericieoststers os 
Assaying and sampling Sroat 
General expenseS.........:.----+. 
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Total concentrating costs.......- DeSe 

Kw-hr per 

Power Consumption {Ton Milled 
Crushing, conveying and screening. 1.88 
Grinding and classification......... II.00 
PIOCAPION oc shores. 6 eccisce wes aahs,. cect owe 3.26 
Miscellaneous. 2... 0022-0 === 1.62 
Total power consumption....... 17.76 

Dry Tons per 
Man Shift 
Labor Data 
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Avg. No. 

Shifts per 
Day 
BULODEAN siete icve syesekousiate cue a Tales ore 42 
IN ERE NMA tie Out O DORON 241 
Totatanvse ss aamae nonce eras aiske 283 


generally used for flooring in the crushing 
sections but in the milling and flotation 
sections the upper operating floors consist 
of wood decking on steel supporting string- 
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ers. Both wood and steel gratings have been 
tried for flooring but the former is unre- 
liable and both have been found very tiring 
for the operating labor. Operating costs at 
the concentrator are given in Table a 
Each main section of the concentrator 
(crushing plant, concentrator and filter 


plant) has its own sub-station to which 
electric power is transmitted from the 
power plant by underground cables at 
3300 v, 3-phase, alternating current. 
Motors of above 125 hp are generally oper- 
ated at 3300 v, lower power motors at 550V 


.and lighting at r10 v. 
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Milling Practice at Idarado Mining Company 


By F. W. McQutston; Jr.,* MemBer AIME 


(Denver Meeting, October 1947, and New York Meeting, February 1948) 


INTRODUCTION 


IpARADO Mining Company’s mill and 
surface plant are at the portal of the 
Treasury tunnel at elevation 10,625 ft, 
12 miles south of Ouray, Colo. In 1943 and 
1944 this tunnel was extended in a westerly 
direction to tap the Black Bear vein, and, 
together with the recently completed 
r100-ft inclined Treasury raise, provides 
access to the Black Bear mine. In 1945 a 
250-ton mill was placed in operation to 
process development ores containing much 
needed copper, lead and zinc for war re- 
quirements, and to serve as a pilot testing 
unit for larger scale milling operations. 

In the years 1902 to 1927 some 329,000 
tons of ore were produced from mine 
workings on the Black Bear vein that ex- 
tended downward from elevation 12,325 ft 
at the Black Bear tunnel portal to eleva- 
tion 11,618 ft, the lowest level of the mine. 
The ores were taken to the Cascade and 
Smuggler-Union mills near Telluride over 
two aerial tramways. Gold bullion, a 
copper-lead concentrate, and a zinc con- 
centrate were produced. 


ORES 


The Black Bear is a compound fissure 
vein that has undergone several stages of 
mineralization. The first important stage 
is represented by complex ores of copper, 
lead and zinc in a quartz gangue. Precious 


Manuscript received at the office of the 
Institute Oct. 14, 1947. Issued as TP 2349 in 
MINING TECHNOLOGY, May 1948. 

* Formerly, Metallurgical Engineer, New- 
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Commission, Washington, D.C. _ 


95 


metal content in this stage is low. The ga- 
lena is argentiferous and varying amounts 
of tetrahedrite, freibergite and bornite 
tend to increase the normal copper con- 
tent represented in chalcopyrite. The zinc 
occurs as a true sphalerite with little or 
no iron. Later re-openings of the fissure 
took place more or less co-extensively with 
the successive introduction of (1) abundant 
quartz gangue containing minor amounts 
of chalcopyrite, galena and sphalerite; (2) 
free gold in a fluoritic quartz gangue; and 
(3) barren, low-grade quartz with minor : 
amounts of pyrite as the only important 
sulphide. The sulphides show practically 
no oxidation and little mineralogic inter- 
growth. Because of the common overlap- 
ping of these successive stages of min- 
eralization within a given mining area, 
considerable dilution of the base-metal 
content takes place, thus lowering the 
average mill-head grade. 


PLANT PRACTICE 


Metallurgical testing was started shortly 
after the Black Bear vein was encountered 
on Treasury tunnel level in 1944. Labora- 
tory tests showed good flotability of the 
minerals in the ore and indicated an eco- 
nomic separation could be made of the 
copper, lead and zinc minerals into their 
respective concentrates. The success of the 
separation is close reagent control to 
maintain a balance between promotion 
and depression of the sulphides. To main- 
tain this balance reagent consumption for 
the three metal separation is considerably 
higher than in ordinary lead-zinc flotation. 
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A 65-mesh grind readily liberates the ore- 
bearing minerals from the gangue and from 
each other. 

Plant grind is 6 pct plus 65 mesh and 50 
pct minus 200 mesh. Grinding is done in 
closed circuit with a diaphragm-type jig 
and a spiral classifier. The free gold con- 
tent of the ore makes it attractive to use a 
jig for removal of gold as bullion. Shipment 
of gold as bullion brings a higher price per 
unit and eliminates the hazards of sam- 
pling gold-enriched concentrates. 

Grinding circuit, jig-hutch product is 
pumped to a cleaner jig. Cleaner jig-hutch 
product goes by gravity to a revolving 
continuous type amalgamator equipped 
with scrubber and amalgamation plates. 
Amalgamator tails are returned to. the 
head of the rougher jig and cleaner jig 
tails returned to the ball-mill feed. 

Amalgamator tailings assay as high in 
lead as the flotation lead concentrates; 
however, if taken out of the circuit the 
ratio of lead to copper would be lowered 
to a point that would upset the copper-lead 
float separation. 

Jig practice employing continuous amal- 
gamation effects a 60 pct gold recovery 
into bullion. Experimental work in process 
indicates a possibility of higher recoveries. 
The method now in use compares favorably 
with stamp battery and plate amalgamation. 

The classifier overflow as feed to bulk 
copper-lead rougher flotation is main- 
tained at 30 pct solids. After 10 min con- 
ditioning time the pulp is floated for 12 
min in a 1o-cell rougher machine. Scav- 
enger concentrates from the last five 
rougher cells are returned to the head of 
the circuit. Rougher concentrates from the 
first five cells are cleaned and recleaned 
in single-cell machines. Cleaner tails flow 
countercurrent to the froth and are 
pumped back to the copper-lead condi- 
tioner. It has proved a desirable cleaning 
practice to float off a large volume of froth 
over a short length of cell lip to obtain a 
‘crowding action.” It has been established 
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that best cleaning results are obtained 
when 8 to 10 tons of concentrates per 24 
hr are overflowed per foot of froth weir. 
In addition high dilution is used advan- 
tageously in cleaning and recleaning. 

Copper-lead cleaned concentrate is fed 
to the third cell of a 6-cell separation bank. 
A dilution of 9 to 1 is maintained in the 
circuit. Lead is floated in this circuit and 
froth overflow is returned from the last 3 
cells to the third cell. Froth overflow from 
the third cell or feed cell goes to the second 
cell and thence to the first cell. The second 
and first cells are used as cleaner and re- 
cleaner, respectively, on the lead concen- 
trate. Pulp underflow from the cleaner 
cells joins initial feed in the third cell. 
Pulp discharge from the sixth cell is the 
copper concentrate. 

Copper-lead rougher tails is the feed 
to the zinc circuit. Launder spray water 
is controlled so that zinc flotation feed 
density is held at 25 pct solids. Feed 
to the zinc circuit is conditioned in two 
stages of 10 min each. The same flotation 
froth flow scheme is used in zinc roughing, 
cleaning and recleaning as in the copper- 
lead circuit. 

Mine-water drainage is used for milling. 
The water enters the mill at an average 
temperature of 40°F. Milling results im- 
prove with higher pulp temperatures and 
steps are being taken to introduce heat to 
the pulps. 


METALLURGY 


The major metallurgical problem was 
promotion of chalcopyrite in the presence 
of zinc and iron depressants. Small quan- 
tities of cyanide were found to have a defi- 
nite tendency to depress chalcopyrite. The 
sensitivity of chalcopyrite to cyanide 
proved to be a favorable feature in the 
separation of the galena from chalcopyrite 
and was the deciding factor in selecting 
cyanide in preference to the dichromate or 
sulphurous acid-zinc hydrosulphite meth- 
ods of separation. 
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A 250 ton per day plant has been used 
for developing the metallurgical flow 
scheme worked out in the laboratory and 
for testing various types of milling equip- 
ment. The reagent setup developed in the 
laboratory has proved the most successful 
and is giving recoveries of each metal into 
separate concentrates greater than 85 pct. 

Reagent practice is as follows: American 
Cyanamid reagent No. 404 is added to the 
ball mill along with lime, zinc sulphate, 
and cyanide. Reagent No. 404 was found 


to have the highest selectivity for galena 


of the many reagents tried. A slight excess 
has very little promotional effect on the 
pyrite, sphalerite and chalcopyrite in the 


_ presence of the depressants used. Lime 


serves a dual purpose: to give a pH of 9.5 
at which the chalcopyrite floats best, and 
to retard flotation of the pyrite. With a 
lower pH the copper recovery falls off and 
the pyrite tends to float. Lime was selected 
for pH control in preference to soda ash. 
Soda ash, to some extent, is an activator 
of pyrite and also would carry through 
with the copper-lead tailings into the zinc 
circuit to combine with lime to form caustic 
soda which often has a tendency to en- 
courage pyrite to float. Lime alkalinity at a 
pH of 9.5 has no depression effect on the 
free gold or galena. Zinc sulphate is added 
as a zinc depressant. Cyanide in minor 
amount is added as a zinc and pyrite 


__ depressant. 


Amy] xanthate, which was found to be 
the most effective promoter of chalcopyrite, 
is added to the classifier pool. The xanthate 
is fed in such quantities that only the 
chalcopyrite requirements are cared for, 


as an excess pulls zinc and iron. A xanthate 
_ deficiency results in a copper loss into the 


tailings. If the chalcopyrite is over pro- 
moted it is difficult to depress satisfac- 
torily in the copper-lead separation circuit. 
To allow for fluctuations of the copper 
content in the mill feed, the mill operators 
are allowed to add an additional o.or5 lb 
per ton. When the copper content of the 
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ore exceeds the average, chalcopyrite can 
be observed floating sluggishly at the tail 
end of the rougher flotation circuit. The 
operators then increase the feeding rate of 
the xanthate and when pyrite has a ten- 
dency to float, the xanthate is decreased. 

Du Pont frothing reagent B23 is added 
to the conditioner ahead of copper-lead 
rougher flotation. It is supplemented with 
additional B23 to flotation cells as required. 
Zinc sulphate and sodium sulphite, as zinc 
and pyrite depressants, are added to the 
bulk copper-lead flotation cleaner and 
recleaner. 

In the separation circuit cyanide and 
sodium sulphite are stage fed directly to 
the flotation cells to depress the copper 
minerals so the galena may be floated. 
Conditioning with cyanide ahead of flota- 
tion proved detrimental to chalcopyrite 
depression. A possible reason is that con- 
ditioning with cyanide allowed time for the 
cyanide to dissolve copper forming a 
copper thiocyanate which reactivated the 
chalcopyrite. A trace of free cyanide is 
maintained in the separation circuit tailings 
to ensure sufficient but no excess cyanide 
being present during roughing and the 
several cleaning stages employed. From 
s.o to 8.0 lb of cyanide are required per 
ton of bulk copper-lead concentrate fed to 
the separation circuit. Sodium sulphite and 
cyanide have been found to be a good 
combination for depression of chalcopyrite. 
Best chalcopyrite depression is obtained 
when the pH is under 8.0, which is the 
reason the minimum amount of cyanide is 
used. It is definitely indicated that the 
copper-lead separation is better when the 
ratio of lead to copper is one and a half 
to one or higher. 

When laboratory research was first 
started it did not seem practical for a mill 
separation to be made on copper-lead ores 
which contained less than one per cent 
copper; however, mill results definitely 
show an economic copper-lead separation 
can be made on ores containing one half 
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of a per cent copper and possibly on ores 
with even a lower copper content. Effec- 
tive separations have been made on bulk 
copper-lead concentrates assaying over 40 
pet lead and less than 10 pct copper. 

The tailings from the separation circuit 
become the copper concentrates and the 
flotation froth the lead concentrates. Acti- 
vated carbon is agitated with the copper 
concentrates to adsorb the gold in solution 
dissolved by the cyanide in the separation 
circuit. The carbon containing gold goes 
with the copper for shipment to the smelter. 
A portion of the copper concentrates are 
tabled on a laboratory-size concentrating 
table which shows the amount of lead in 
the copper concentrates. The lead con- 
tent in the copper concentrates is kept as 
low as possible even at the sacrifice of 
floating copper into the lead concentrates 
because of the more favorable smelter 
payment for copper in the lead concen- 
trates over lead in the copper concentrates, 

Tailings from copper-lead bulk flotation 
are conditioned in two stages; first with 
copper sulphate and butyl xanthate for 
activation and promotion, followed by 
secondary conditioning with lime for pyrite 
depression. Activation of the sphalerite 
with copper sulphate is more effective, at 
a low pH, and therefore, lime is added in 
secondary conditioning, after the sphalerite 
has been activated. Better zinc metallurgy 
would be obtained if the sphalerite could 
be activated in a neutral pH pulp; how- 
ever, this cannot be practiced as lime is 
essential in copper-lead flotation. Heating 
the zinc pulp indicates improved metal- 
lurgical results in both zinc recovery and 
grade of concentrate. For zinc flotation a 
dry brittle froth is maintained by adding 
a slight excess of copper sulphate. Milk 
of lime is added to the zinc flotation clean- 
ers to ensure pyrite depression. A pH 
reading is made hourly but is only used as 
an alkalinity indicator, as lime is added by 
predetermined quantities rather than by 
alkalinity control to make the desired zinc 


concentrate grade. 
plished with B23. 

Table 1 gives the amounts of reagents 
fed. 


Frothing is accom- 


TaBLE 1—A mount of Reagents Used 


Mill Feed, | Place of Reagent 
Reagent Lb per Ton Addition 
A.C. No. 404... .. - 0.05 Ball mill. 
Zinc sulphate...... I.50 Ball mill. 
Sodium cyanide... .]0.10 Ball mill. 
Lime ss ndec went 2.00 (pH 9.5)| Ball mill. 


Classifier pool. 

Staged to copper- 
lead flotation. 

Copper-lead 
cleaners. 


Amyl xanthate.... 
Amyl xanthate.... 


0.025 
0.015 


Zinc sulphate...... 0.20 


Sodium sulphite. ..|o0.20 Copper-lead 
cleaners. 

Sodium cyanide....]0.30 Copper-lead 
separation. 

Sodium sulphite. ..]o.15 Copper-lead 
separation. 


Activated carbon. .|0. 25 Copper concen- 
trate agitator. — 
First zinc condi- 


tioner. 


Copper sulphate. ..|0.75 


AOC. NOs 30 Bacar 0.10 First zinc condi- 
tioner. 

Rime fants) eae 6.00 Second zine con- 
ditioner. 

Du Pont B2ge.ece 0.20 Frother where re- 


quired. 


Metal recoveries for a month on float feed 
are given in Table 2. 


TABLE 2—Flotation Feed Recoveries 


Percentage Distribution 


Flotation feed. .|100.00]100. 00/100. 00|100. 00/100. 00 
Copper concen- 
TLAtES. cdi vn 


76.39] 30.61) 87.45} 5.35] 3.32 
Lead concen- 
trates.......] 5.66] 59.27] 3.36] 91.46] 1.53 
Zine concen- 
trates....... 4.90] 4.68) 5.73] 1.79] 88.14 
Tailings.......| 13.05] 5.44] 3.46] 1 40] 7.01 
PLANT 


Metallurgical and mechanical testing has 
been sufficient to lay out a definite program 
for plant expansion. 

Primary crushing will be done under- 
ground some 12,000 ft from the portal for 
several reasons. Surface conditions do not 
allow for economic installation of suffi- 
cient coarse ore storage. No additional 
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- buildings will be required over those now 


in existence. Construction underground is 
cheaper than surface buildings. No heating 
will be required. Carloading will be faster. 
Tramming costs will be lowered due to 
heavier loading per car with crushed rock 
over coarse shrinkage stope draw. Less 
close integration of mining and milling 
operations will be necessary. 

Present surface crushing plant will be 
revised to allow a capacity of 100 tons per 
hour. Wooden rectangular surge bins will 
receive the ore ahead of secondary and 
tertiary crushing. Four reciprocating feed- 
ers discharge from the bins on to a con- 
veyor for feeding a 3-ft reduction crusher 
which will deliver a 2-in. product. The 
feeders will be electrically controlled from 
the crusher operating floor. Secondary 
crusher discharge will be conveyed to a 
4 by 8-ft rod deck screen operating in 
closed circuit with a 4-ft cone crusher. 
Both crushers will be protected from mine 
iron by magnets. A minus 3¢-in. screen 
undersize is elevated to a 1000 ton fine 
ore bin. 

The fine crushing plant is designed to be 
operated by one man as both the secondary 
and tertiary crusher will be adjacent to 
each other. An electrical interlocking sys- 
tem shuts off all motors in the event any 
single motor cuts out, and a simple light 
system indicates which one. Both the 


underground and surface crushing plants 


will be equipped with 24-in. conveyors. 
Each crusher discharge and all conveyor 


3 ‘places will be hooded for dust collection. 


ing weightometer. 


A multiclone dust collector removes the 
dust from the collector lines. 
Large storage bin capacity has been pro- 


_ vided’ to ensure thoroughly mixing the ore 


to give a uniform mill feed which is an 
important factor in metallurgical results. 
Fine ore will feed from three chutes to a 
belt driven by a variable speed motor. 
Belt discharge will be to the ball-mill feed 
belt which will be equipped with a record- 
Automatic grinding- 


oO 


circuit control will be affected through ae 
first belt. 

A 7 by 7-ft grate mill is installed to 
operate in closed circuit with a jig and 
6o-in. spiral classifier. The grinding and 
classifying unit are estimated to have a 
450 ton daily capacity. Flotation capacity 
of soo tons per day will be provided. 

Experimental work was conducted with 
various types of flotation machines run at 
different speeds. Rotor and impeller wear 
was correlated with metallurgical results. 
Standard impeller peripherial speeds of 
1600 fpm made fair metallurgical re- 
coveries; however, increasing the periph- 
erial speed to 1900 fpm gave much 
better aeration with a smaller bubble and 
livelier froth which yielded lower tailings. 
Better aeration reflected in lower copper- 
lead and zinc rougher tailings, but was most 
pronounced in giving a better copper 
recovery. 

The Black Bear ore is quite abrasive 
and with an impeller speed of 1900 fpm 
wear took place quite rapidly. Iron im- 
pellers lasted only a few weeks and pre- 
war rubber-covered impellers wore badly 
in a few months. The impeller wear 
reflected directly in a higher tailing. In- 
creasing the peripherial speed to approxi- 
mately 2200 fpm, to compensate for wear, 
raised the recovery but also greatly in- 
creased impeller wearing. Plant experi- 
mental work showed flotation machines 
designed with vertical impeller blades 
gave satisfactory metallurgical results on 
Black Bear ore when the impeller traveled 
approximately 1900 fpm. To maintain 
results, however, wear had to be com- 
pensated by increasing peripherial speeds. 
Due to speed of wear this was impractical 
from a cost and operating standpoint. 

Rotor-type flotation machines run at 
high speeds gave satisfactory results and 
a4 minimum reflection in tailings losses 
with rotor and stator wear. Iron rotors and 
stators gave a short life when run at 2150 
fpm_peripherial speed. Natural rubber 
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rotors and stators, however, give satis- 
factory wearing life at high speeds. 

On a 20 cu ft cell, with partially worn 
impellers, running at 1600 fpm, each cell 
motor pulled approximately 1.5 hp. In- 
creasing the speed to 2250 fpm doubled 
the horsepower requirements; however, the 
copper tailings dropped 0.04 pct copper. 
When power costs, with normal impeller 
speeds, are compared with the cost of 
power for high speed operation the re- 
covery of more pounds metal favors the 
use of extra power. 

Conclusions were that rotor-stator type 
machines at higher than standard speeds 
would be used on all scavenger rougher 
circuits. Impeller-type machines at stand- 
ard speeds would be used on all cleaner 
circuits. 

For copper-lead roughing 40 cu ft rotor- 
type cells will be used. On a 1o-cell ma- 
chine the rotors in the first two cells will 
run 1600 fpm and pull just under 5 hp per 
cell. The next two cells will run 1800 fpm 
with 6 hp per cell, and the six scavenger 
cells will run 2150 fpm and use 8 hp per 
cell. Similar speeds will also be used in the 
zinc-rougher flotation bank. 

Impeller-type machines operated at 
normal speed are used on the copper-lead 
cleaner and recleaner circuits. This type of 
flotation machine is used because of the 
advantage in introducing flotation prod- 
ucts into any cell without the aid of pumps. 

The practice of using high-speed rotor- 
type flotation for intense agitation and 
aeration in roughing combined with slow- 
speed impeller agitation for cleaning has 
given good metallurgical results. 

The flotation operating floor is on one 
level to facilitate efficient control. Flota- 
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tion circuits for copper-lead, and zinc 
roughing, cleaning, recleaning and separa- 
tion will be operated from this one level. 
A total of three pumps will be required for 
the entire flotation circuits. 

No sunlight will be admitted through 
windows and illumination will be entirely 
with fluorescent lighting. Sunlight re- 
flected from the snowbanks into the mill 
causes discomfort to the operators and also 
changes the color appearance of the flota- 
tion froth. 

Concentrate thickeners are designed to 
require a minimum of floor space. A single 
tank with two compartments and one 
drive mechanism will be used. The design 
is such that there is no possibility of leak- 
age from the top to bottom tray. Two such 
units will be required for contemplated 
tonnage. 

Thickened concentrates will be filtered 
on disc filters for lead and copper and a 
drum filter for zinc. Filter discharge will 
drop into open-faced bins. Truck loading of 
concentrates will be by use of a double- 
drum slusher hoist scraping from the bins 
directly into trucks. 


SUMMARY 


Idarado Mining Company is recovering 
five metals—gold, silver, copper, lead and 
zinc. Recovery is affected in four products. 
Gold is shipped as bullion to the U. S. 
Mint, Denver; concentrates are trucked to 
Montrose, Colo, and thence by rail to the 
smelters. A copper concentrate, a lead: 
concentrate and a zinc concentrate are 
shipped to respective smelters. Each con- 
centrate produced carries values in gold 
and silver. as 
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Metallurgy at National Lead Company, MacIntyre Development 


By Frank R. Miiiken,* MremBer AIME 
(New York Meeting, February 1948) 


SCOPE 


THis paper is a running commentary on 
metallurgical problems and developments, 
stressing ilmenite flotation, since the start 
of operations five years ago, at the mill of 
National Lead Company, Titanium Divi- 
sion, MacIntyre Development, Tahawus, 
New York. 


son River in the center of the scenic 
Adirondack Mountains. A general descrip- 
tion of the operation was given in the 
Adirondack Issue of Mining and Metal- 
lurgy for November 1943. Operating ton- 
nages and production have increased since 
1943, however. Nearly 10,000 tons of ore 
and waste is broken and loaded daily in the 


TABLE 1—Ore Types 


Approximate Mineralogical 


Economic Grind Required 


Composition for Liberation, Mesh 
eee Local Name 
ber : Magne-| Ilmen- | Feld- Iron | Magnetite| Magnetite and 
eae ite iar ili- from Ilmenite from 
P cates Ilmenite Gangue 
I High grade anorthosite ore.......-.-. 47 38 13 2 48 20 
2 Low grade anorthosite ore........... 35 25 35 5 48 20 
3 High grade coarse-grained gabbro ore. 40 40 5 I5 48 20 
4 High grade fine-grained gabbro ore... 40 40 5 15 48 65 
5 Disseminated or low grade gabbro ore. 25 25 20 30 65 65 
WISER Onn Se oppo nao oan 37 32 16 I5 


I ee 


GENERAL 


In early 1941, when world conditions 
threatened to cut off the supply of ilmenite 
(obtained largely from India) to this 
country, the National Lead Company 
started to develop and bring into produc- 
tion their MacIntyre Development. This 
operation supplied the bulk of the ilmenite 
used during the war period for the manu- 
facture of the much needed titanium 


pigments. 


ee 


MacIntyre Development is at Tahawus, 
New York, on the headwaters of the Hud- 


Manuscript received at the office of the 
Institute Nov. 24, 1947. Issued as TP 2355 in 
Mininc TECHNOLOGY, May 1948. 

*Plant Manager, National Lead Con 


Titanium Division, MacIntyre Development, 


Tahawus, 


open-pit mine. About half of this tonnage 
is ore, from which is produced nearly 800 
tons of ilmenite concentrate and 1600 tons 
of magnetite concentrate daily. 


ORE—TYPES 


From an ore-dressing standpoint, there 
are five rather distinct ore types and two 
waste-rock types in the mine. The ore types 
are shown in Table 1. 

The anorthosite waste is a coarse-grained 
white rock, largely labradorite feldspar. 
The gabbro waste is generally finer grained, 
and contains, in addition to feldspar, 35 to 
75 pct iron silicates such as hornblende, 
pyroxene, garnet and biotite. A minor 
mineral mineralogically, but important 
metallurgically, is apatite. A few calcite 
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stringers occur at isolated locations in the 
ore body. 

The ore and waste are very hard and 
tough (resistant to both crushing and 
grinding) and a minimum of primary 
slimes and grinding slimes occur. 


OrE—TESTING 


The original MacIntyre mill design was 
based on testing conducted over a period of 
years by Professor Charles E. Locke of the 
Massachusetts Institute of Technology 
with whom in the earliest tests was associ- 
ated the late Professor Robert H. Richards. 
Samples for testing were all of type No. 1 


(high grade anorthosite ore). 


RO ee ee 


Tests on this ore type showed: 

1. A 20-mesh grind was adequate to 
liberate the gangue minerals from the 
magnetite and ilmenite. 

2, At a 20-mesh grind, a magnetite prod- 
uct could be recovered by magnetic separa- 
tion, leaving an ilmenite-gangue tailing, but 
this magnetic product assayed 10 pct TiO» 
and contained about 30 pct of the ilmenite 
in the crude ore. 

3. Gravity concentration of the ilmenite- 
gangue tailing from the magnetite separa- 
tion gave an ilmenite product assaying 
about 44 pct TiO: with a loss of 10 to 15 pet 
of the ilmenite in the crude ore in table 
tailing and (more largely) in slime products. 
The ilmenite gravity concentrate contained 
some gangue minerals. 

4. Wetherill magnetic separation of the 
ilmenite gravity concentrate eliminated 
additional gangue, raising the ilmenite 
grade to 48 pct TiO2 with a small loss of 
ilmenite. The expense of the Wetherill 


_ separation and small additional TiO: loss 


were economically justified by savings in 
subsequent processing costs of the ilmenite 
at pigment plants. 


OrIcInAL Mitt FLOWSHEET 


From the above test results, the original 
mill flowsheet, shown in Fig 1, was evolved. 
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Briefly, the ore was crushed from run-of- 
mine size (some pieces up to 5 ft in one 
dimension) to minus-34 in. square mesh in 
three stages, using a jaw crusher and cone 
crushers. 

The crushing plant product was then 
ground in open-end rod mills in closed cir- 
cuit with mechanically vibrated screens 
to approximately minus-20 mesh. The 
minus-20 mesh screen undersize was treated 
in Crockett magnetic separators which pro- 
duced magnetite concentrate, nonmagnetic 
tailings (containing the ilmenite and gangue 
minerals), a middling (returned) and a 
slime overflow. After dewatering, the 
magnetite went to direct shipment, a sin- 
tering plant, or stockpile. The ilmenite- 
gangue mixture was then classified to make 
eight separate sand spigot products and a 
slime overflow. The spigot products were 
tabled separately. The combined classifier 
and Crockett slime overflows were thick- 
ened and tabled. Tabling operations pro- 
duced a rough ilmenite concentrate and a 
tailing, middlings being returned as shown. 
The rough table concentrate was dewatered 
and dried, then treated on Wetherill mag- 
netic separators. These Wetherills pro- 
duced final ilmenite concentrate, two 
returned middling products, and another 
tailing product. 


PROBLEMS ENCOUNTERED 


Early mine development soon revealed, 
however, that only about 25 pct of the ore 
reserves were of type No. 1. At least 30 pet 
were of type No. 5, with about 15 pct each 
of types No. 2, 3 and 4. Thus, instead of an 
ore containing 47 pct magnetite, 38 pct 
ilmenite, 13 pct feldspar, and 2 pct iron 
silicates, the average mill feed was actually 
about 37 pct magnetite, 32 pct ilmenite, 
16 pct feldspar, and 15 pct iron silicates. 
These differences do not seem particularly 
significant except, perhaps, for the lower 
tenor of the ore; however, from a metal- 
lurgical standpoint, these changes had 
great effect. The important factors were: 
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1. The decreased mill-feed magnetite 
content decreased magnetite-concentrate 
production from about 60 pct by weight of 
the mill feed to about 46 pct by weight of 
the feed, or increased the Crockett tailing 
tonnage from 4o pct of the feed to 54 pct 
of the feed. This meant an increase in 
classifier and table-feed tonnage rates of 
about 35 pct. 


See vsm 


erals to ilmenite was increased from 1:19.0 


up to 1:2.1. These iron silicates were mate- 


rially higher in specific gravity than feld- — 


spar; some of the minerals, particularly 
garnet, were close to ilmenite in specific 
gravity (3.8 to 4.0 for garnet and 4.4 to 4.6 
for ilmenite). This made the separation of 
ilmenite from gangue minerals by gravity 
much more difficult than was expected. In 


TABLE 2—Metallurgical Balances 


Assay, Pct 
Weight, Content, Distribution, 
Product Tons Pct Tons TiOz TiOz, Pet 
| TiOz Fe 
Case 1r—Original Tests, Type No. 1 Ore 
Magnetite. tice Yo ec tytals kat Sw oe 1,998 60.0 10.0 58.0 199.8 30.0 
Mim Sait erey acme a ctac cc tepiy meee cet ttae 798 24.0 48.0 383.0 57-5 
Paving), chase eees eee: Mae eee 534 16.0 15.6 83.2 12.5 
Pleading ts Seki set cinch haath re Gene 3,330 100.0 20.0 666.0 100.0 
Case 2—Former Results, Average Ore 
MagnGtite arent lertrelsyas Wate etaa nt ake 1,576 47.3 10.0 56.5 157.6 28.0 
PVA GTIALS State <nadves es es Leaks wea lde s+ mae 614 18.4 44.0 270.1 48.0 
sPanling shvhe Race vethe acto elendoud! oatiaetane 1,140 34.3 II.9 735.2 24.0 
FiCading snail atie adele nets ats ee 3,330 100.0 16.9 562.8 100.0 
Case 3—Present Results, Average Ore 
Magnetite sy ita .apocehitaae hl: ier 1,632 49.0 10.0 58.3 163.2 26.5 
gee yak ey AU ee Rae a ee 763 22.9 44.8 341.9 55-5 
SCT gat geal Kya Aaa a fs eee oe a Tt 935 28.1 II.9 110.9 18.0 
leading ne ds. etewionreles eee ealeeth eon b 3,330 100.0 18.5 616.0 100.0 


2 Based on 3330 tons of mill feed daily. Mechanical improvements have permitted an increase in daily ton- 


nage over 3330 tons per day so that actual production at present is close to 800 tons of ilmenite per day. 


2. The decreased quantity of ilmenite in 
the mill feed and the increased quantity of 
Crockett tailing, decreased the ilmenite 
content of the classifier and table feed. 
Whereas the gravity-section feed was ex- 
pected to average 35 pct TiOs, it actually 
averaged 22 pct TiO. The increase in 
gravity section feed rate tonnage from 
about 1300 to 1800 tons per day andthe 
decrease in the gravity section feed ilmenite 
grade (from 35 pct TiO, to 22 pct TiO.) had 
an adverse effect on table metallurgical 
results so that both ilmenite-concentrate 
grade and ilmenite recovery were lower 
than desired. 

3. The proportion of iron silicate min- 


addition, these iron silicates showed a 
magnetic susceptibility approaching that 
of ilmenite, and therefore could not be 
rejected in Wetherill operations without 
excessive ilmenite losses. Combined tabling 
and Wetherill operations on the so-called 
plant slimes (thickened slime overflows 
from the Crockett separators and the classi- 
fiers) were particularly ineffective. 

4. The presence of a large proportion of 
disseminated ore, in which the ilmenite was 
not liberated from the gangue at the 
20-mesh grind employed, further adversely 
affected metallurgical results. 

The practical effect of the above differ- 
ences was to decrease both ilmenite produc- 


a a eee 


FRANK R. MILLIKEN I05 


E tion per day and ilmenite grade. Where, 1. Increasing mill-feed grade to permit 


from 3330 tons of mill feed per day, a_ increased production, both through higher 
production of nearly 800 tons of 48 pct feed metal content and improved per- 
TiO: ilmenite had been anticipated, actual centage recovery. 


production was only 614 tons per day of 2. Grinding finer to provide adequate 
44 pct TiO» ilmenite. liberation. 


TABLE 3—Metallurgical Balance, Cobbing Operation 


Weight, | Assay, Pct Content, Distribution, 
Product Tons Pet TiOs Tons Tid2 | TiOs, Pct 
@oncentrate-(to mill)...---)---...--.4.5-- 3,330 84.7 18.7 623 6.0 
RoC UNCLORW ASLE) in ails einlerr® ais tieleis)« ars) operaSiars. bs 600 rece, 4.3 26 as 
EvGen(LEOTM-TIAINE )isighe:s cies suse le bie s-e sie-e euelclievee = 3,930 100.0 16.5 649 100.0 


TABLE 4—Assay—Screen Analysis 


Magnetite Concentrate, Pct Tailing, Pct 
Size, Mesh Assay 

Weight, |____________| Distribution, Weight, | Assay, | Distribution, 

Direct . TiOz Direct TiOz TiOe 

TiOz Fe 

BWA Oroca se, ssaneie: csi syshet> 5 7 11.8 54.2 20.2 2.9 6.7 1.5 

—28 + 35 TSiee Ir.6 54.2 r7 32 4.5 6.7 2.4 

—35 + 48 14.8 10.5 50.5 15.2 7.9 TeX 4-5 

—48 + 65 13.6 9.4 58.1 12.6 0.7 a3 5.8 

=—SQS>—~ LOOsesisics cise sees 9.9 9.4 57.9 9.1 Il.9 On, On2 

SOO L 5 Or areacaih ete kvilige 7.4 8.6 57.9 6.3 10.7 9.1 7.8 

—150 + 200.........-+--- 6.8 8.6 56.1 5.8 I1.6 12.6 TrS7 

POO ia sists aie ako! oes 14.9 9.3 56.1 13.6 40.8 17.6 57.1 

TRON, aad a ane Oe Orn a 100.0 10.2 56.1 100.0 100.0 12.5 100.0 


The relative metallurgical balances for 3. Improving gravity concentration effi- 
these cases (Case 1 and Case 2) are givenin ciency to partially compensate for the more 
Table 2. difficult separation involved. 

4. Developing a concentration procedure 
TABLE 5—TiO» Recovery by Sizes more adapted to the required separation of 


ee 


ilmenite from gangue, particularly for the 
Percentage TiOz Recovery by Mi 
Size, Approximate finer sizes. 


pizes Mesh It was possible to effect a material in- 
Magnetite| Imenite | Tailing crease in mill-feed grade by installing a 

——— _ magnetic cobbing operation between the 

= z i gg 33 53 3 second and third stages of crushing. This 
os So eee a3 oe oe cobbing operation (treating two sizes: plus 
ees NG ea x6 194 in. and minus 134 in. plus 5¢ in.) rejects 

= 1580+ 2005 5 Ha re 23 Zz a nonmagnetic tailing product containing 


very little ilmenite and magnetite. A 
typical metallurgical balance of cobbing 


It was evident that some plant changes operations is given in Table 3. 


would be required to improve metallurgical The grinding problem is best illustrated 
results and production. The general prob- by assay-screen analyses. Table 4 shows 
lems appeared to be: the assay-screen analysis of May 10944, 
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monthly composite samples, and Table 5 
shows TiQs recovery by size in the three 
mill products (magnetite, ilmenite, and 
tailing). Table 6 shows the effect on libera- 
tion of regrinding plant magnetite concen- 
trate. The reground concentrate was 
treated in a Davis tube tester to produce a 
cleaned magnetite concentrate and a tailing 
of ilmenite and gangue minerals liberated 


Classification was improved by replacing 
the two original overloaded eight pocket 
Fahrenwald sizers in each section with one 
phosphate rock-type Dorrco sizer of ade- 
quate capacity with electrical controls for 
maintaining pocket density. The instal- 
lation of additional tables was an un- 
solved problem, however, because of space 
limitations. 


TABLE 6—Davis Tube Tests on Magnetite Concentrates Reground to Varying Degrees of 
Fineness 


Davis Tube Concentrate, Pct Davis Tube Tailing, Pct 


Size Reground to Assay 
: TiO: ra Assay, TiOs 
bikes Distribution Lace TiO2 Distribution 
TiO2 Fe 
All through 28 mesh...........}] 92.8 8.8 59.0 80.1 7.2 28.1 19.9 
All through 35 mesh...........] 89.8 8.5 59.6 74.8 10.2 25.2 25.2 
All through 48 mesh........... 86.6 7.9 61.3 67.0 13-14 25.1 33.0 
All through 65 mesh........... 84.8 7.6 61.5 63.1 15.2 24.7 36.9 
All through 100 mesh..........] 84.2 m3 61.2 60.2 15.8 25.6 39.8 


2 Assaying 10.2 pct TiO2 and 56.7 pct Fe. 


by the regrinding. The screen analysis of 
the magnetite concentrate (Table 4), the 
high loss of TiO, in the coarse sizes of the 
magnetite, and the liberation of ilmenite 
by further grinding of the magnetite (note 
in Table 6 that by regrinding to 65 mesh 
more than one-third of the TiO» lost in the 
plant magnetite concentrate is liberated), 
all showed the necessity for finer grinding 
for adequate liberation. The high loss of 
minus-200 mesh ilmenite in the plant tail- 
ings (note in Table 4 that the minus-200 
mesh tailings assayed nearly 18 pct TiO» 
and in Table 5 that 59 pct of the minus-200 
mesh ilmenite in the feed was lost in the 
tailings), however, argued against finer 
grinding unless some suitable concentration 
process for recovery of fine ilmenite could 
be developed. A further limitation on finer 
grinding was the adverse effect of the finer 
magnetite on the subsequent magnetite 
sintering operations. 

To improve gravity concentration metal- 
lurgy, it was determined that better classi- 
fication and additional tables were needed. 


FLOTATION 


Soon after plant. operations started, 
flotation testing for ilmenite recovery was 
initiated as the obvious method for recover- 
ing the fine ilmenite Jost in the gravity 
concentration and dry magnetic separation 
tailings. In addition to reducing fine 
ilmenite losses, it was expected (1) that a 
successful flotation procedure would permit 
a finer original grind (within the limits 
dictated by magnetite sintering) without 
increased losses of fine ilmenite and (2) that 
slime table feed (thickened Crockett sepa- 
rator and classifier slimes) could be treated 
in a flotation plant requiring little floor 
space and that the tables so released from 
service could be used on classifier sands. 
Thus, flotation provided partial answers, at 
least to the general problems 2, 3 and 4 
involved in improved metallurgy, as stated 
earlier. On a long range basis, it was also 
felt that a satisfactory flotation procedure 


might ultimately permit an original 65- 


mesh grind, required for adequate libera- 
tion, with complete replacement of the 
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gravity concentration and dry magnetic 


separation sections by flotation for ilmenite 
recovery. 

Testing was concentrated on the slime 
table feed, as the greatest immediate bene- 
fits would result from improved metallurgy 
on that product. This thinking must par- 
allel the early work on flotation of sulphide 
ores, when the necessity for reducing the 
slime losses of gravity concentration was 
paramount. In the initial work, practically 
all known promoters were investigated. In 
general, cationic reagents (amines, quater- 


inary ammonium compounds, pyridinium 


salts) showed little selectivity between 
ilmenite and the gangue minerals (particu- 
larly the iron silicates). Soaps, resinates, 
the lower fatty acids, tall oils, and nap- 
thenic acid, although all showing some 
collecting properties for ilmenite, gave poor 
recoveries with partial selectivity. All these 
collectors were tested over wide pH ranges 
and in combination with various modifying 
agents. Initial tests with oleic acid, possibly 
the universal nonmetallic collector, showed 
immediate promise, however. Although 
initial tests, conducted at pH 7.2 to 7.5, 
gave rather low grade concentrates (40 to 
42 pct TiO2), recoveries were satisfactory. 

Further work on this simple anionic float, 
investigating conditioning time and den- 
sity, collector amounts, flotation density, 
and pH, evolved a test procedure in which 


the slime table feed was floated directly 


with 0.50 to 0.60 lb of oleic acid per ton of 


- feed and sufficient sulphuric acid to give a 


WS 


pH of 7.2. The ilmenite rougher concentrate 
was cleaned twice without additional re- 
agents. When the plant was treating ar 
ore mixture high in type No. 1 ore, labora- 


tory flotation tests on samples of slime 


table feed were fairly satisfactory (on a 
slime table-feed sample assaying 20.0 pct 
TiO, a recovery of 88 pct of the TiO, ina 
concentrate assaying 45.0 pct TiOz was 
obtained). Using this identical procedure 
when the mill feed was high in type 5 ore, 
results. were: less satisfactory (on a slime 
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table-feed sample assaying 19.0 pct TiOs, 
a recovery of 85 pct of the TiO: in a concen- 
trate assaying 43.0 pct TiO, was obtained) ; 
the iron silicate minerals, particularly 
garnet, were found to float readily with 
oleic acid. 


TABLE 7—Comparison of Neutral Circuit 
Flotation with Acid-wash Flotation 


Circuit 
Preponder- Preponder- 
Type Ore antly antly 
Type No.1 Type No. 5 
Circuit Neu- | Acid- | Neu- | Acid- 
tral | wash | tral | wash 
Heading, TiOe, pct....| 23.7 | 23-4 | 19.5 | 19-3 
cea concentrate, 
PLIOaspeten «1... ler 4459 4 40 8 22 jai 
TiOs recovery in final . ae 
concentrate, pct.....| 90.4 | 90.4 84.6 | 85.2 
Tailing, TiO2, pet..... 4.5 4.2 4.9 4.5 
Oleic erie, pound per 
fom £ed. co. ..ces een) Oc47| AO250)- OL45] 0 0.250 
Sulphuric acid, pound 
per ton feed........ 0.40] 9.51] 0.50] 10.05 


As there were several literature refer- 
ences regarding low pH circuits for metallic 
oxide flotation, considerable testing with 
low pH circuits was done: With a low pH 
in the rougher circuit, however, collector 
consumption was excessive. The use of a 
neutral rougher circuit fcllowed by cleaning 
in low pH circuits was then tried. Finally, 
conditioning of the rougher concentrate at 
a low pH, followed by washing of the acid- 
conditioned rougher concentrate, then 
reflotation, was developed. The iron sili- 
cates which floated in the rougher circuit 
were effectively depressed in the reflotation 
step following acid conditioning and wash- 
ing. Comparison of this latter procedure 
with the former neutral circuit flotation 
is given in Table 7. 

As results with the acid-wash procedure 
appeared satisfactory on all ore types, it 
was decided to build a pilot plant to test 
both circuits. The pilot plant was designed 
to handle the slime table feed from two of 
the four mill sections (about 150 to 200 tons 
per day). Principal. equipment consisted of 
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a 6 by 6 ft primary conditioner, two 6-cell 
No. 24 Denver flotation machines (6 cells 
for roughing, 3 for cleaning, and 3 for 
recleaning), two 5 by 5 ft conditioners for 
use with the acid-wash circuit (wood tank, 
rubber-covered mechanism), one 18-ft diam 
concentrate thickener, a four disc 6-ft diam 
disc filter, and auxiliary pumps and reagent 
feeders. 

The pilot plant was started up on the 
simple neutral-circuit flowsheet. Metallur- 
gical results were below expectations from 
laboratory work but shipments of satisfac- 
tory grade ilmenite flotation concentrate 
were made to the pigment plants using 
MacIntyre ilmenite. Trouble was imme- 
diately encountered at the pigment plants. 
This trouble, not noticed in preliminary 
pigment tests on a laboratory scale, was 
finally traced to the presence of about 1.0 
pct P.O, in the ilmenite flotation concen- 
trate. Minor amounts of apatite in the 
crude ore, rejected by tabling and magnetic 
methods, were being concentrated with the 
ilmenite in the flotation product. Testing 
quickly determined that although the P20; 
was lower in concentrate produced by the 
acid-wash procedure, it was still consider- 
ably above the o.10 pct P.O; limit set by 
the consumers. 

The pilot plant was therefore shut down 
and fundamental testing was again started. 
It was then found that the low pH rougher 
circuits, particularly with fluoride ion pres- 
ent, formerly investigated, rejected apatite. 
However, reagent costs of those circuits 
were excessive. It was next determined that 
reagent costs could be reduced materially 
by the use of some fuel oil. The fuel oil 
reduced oleic acid consumption to a reason- 
able figure, and with the reduced oleic acid, 
permitted a higher pH.and reduced quan- 
tities of fluoride salt without any decrease 
in selectivity. The final reagent combina- 
tion developed in the laboratory therefore 
comprised about 1.0 lb oleic acid, 1.4 lb 
fuel: oil, 0.8 Ib sodium fluoride, and suffi- 
cient sulphuric acid to give a conditioning 


pH of 6.2. Conditioning was for 10 min at 
40 pet solids; all reagents were added to 


conditioning. Rougher flotation was at 20 
pet solids; the rougher concentrate was 
cleaned twice with small sulphuric acid 


additions to hold cleaner pH at 5.5 to 6.0. 


The final ilmenite concentrate produced on — 


average ore assayed about 46.5 pct TiO2.and 
only a trace (less than 0.02 pct) P2Os. 
Recovery was 88 pct. 


The two acid-wash conditioners were re- _ 


located in the pilot plant, and pilot-plant 
operation was resumed, duplicating as 
nearly as possible the laboratory conditions 


just outlined. Initial plant results were 


disappointing. Ilmenite grade was about 
45.0 pct TiOz and recovery was 70 pct. 
Laboratory results on samples cut from the 
pilot-plant feed were very satisfactory, 
however. It was then determined that when 
the plant-conditioner discharge was floated 
in the laboratory (all reagents had been 
added to conditioning), laboratory results 
were relatively poor, being similar to plant- 
flotation results. The discrepancy between 
laboratory and plant was therefore evi- 
dently in conditioning. Contact times, 
aeration, densities and temperature were 
carefully checked, then a series of plant 
investigations were made adding reagents 
in different sequences, but no improve- 
ments resulted. It was finally noticed in the 
laboratory that tests conditioned at low 
conditioner impeller speeds appeared differ- 
ent from standard tests. This observation 
led to the series of tests shown in Tables 
8 and 9. 

These comparative tests on slime table 


feed showed that at low impeller speeds, 


selectivity between ilmenite and gangue 
minerals was poor, even with longer condi- 
tioner contact times. Laboratory flotation 
results on pilot-plant conditioner discharge 
were similar to results obtained at a labora: 
tory conditioner impeller speed of goo to 
Iooo rpm. : 

Two investigations were then: started, 
the first in the plant, attempting to dupli- 
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cate laboratory results in the plant condi- 
tioners, and the second in the laboratory 
to determine the reason for the improved 
results at higher impeller speeds. 


10g 


without center wells and at various speeds 
were tried. A visual comparison of plant 
and laboratory agitation indicated the 
plant units were providing more intense 


TaBLe 8—Effect of Laboratory Conditioner Impeller Speed 


a ee Eee ee eee 


on peer Ces Cleaner Concentrate, Pct 
Laboratory Impeller, rpm Heading, 
TiO, Pct ; 
t ‘O> TiO2 . TiOe 
TiOs Recovery TiOs P20s Recovery 
ANG, 3s SRR 5 6 ce nD ag nites CaP Tae 1671 28.5 96.0 34.2 0.008 90.3 
GXoO) 5G seo Pacitee se Cs RICu econ cr a Cr aaa 16.2 29.1 95.7 34.5 0.148 90.0 
Se ey AS ge ee Tee one 16.5 3305 97.5 39.7 0.061 92.5 
MIS OOS tes since lbs woe Maro yen, ot og reyes EDS 17.2 37.4 90.9 42.9 0.015 86.2 
1,900...... (Made LP oe ci Rae ite ao ca ERE 38.0 93.2 43-3 Trace 88.7 
Plant conditioner discharge............- 16.8 28.6 95.0 36.0 0.001 88.5 


« Test constants: 10 min conditioning at 40 pct solids 


with 1.0 Ib oleic acid, 1.4 lb fuel oil, 0.85 1b sodium 


fluoride, and 2.4 lb sulphuric acid per ton feed. 7 min rougher flotation at 20 pct solids. 


“TasBLE 9—Effect of Laboratory Conditioner 
Impeller Speed and Contact Times 


Rougher Cleaner 
Test Concentrate, | Concentrate, 
Con- Im- | Head- nee Pet 
iets peller,| ing 
Se yore ee TiO | | TiOs 
TiO2 | Re- | TiO2 | Re- 
covery covery 
Blin ohs 900 | 25.5 | 42-4 | 63.6 45.6 | 48.6 
eat anor’ goo | 26.2 | 40.6 | 81.3 | 45-5 68.8 
Peeves A 500 | 25.4°-| 41.8 | 87.5 46.2) 7-4 
Otc s+ 1500 "8 1930200) 92.5 144.75) 830 
BAS ey ciao? 1500 o | 41-5 .8 .6 | 89.0 
POS. «e 1500 BE | 40:4 5 .2 | 80.5 
SN aNtis 1900 8 | 42.9 5 Sule ye a5 
EO cielo 1900 qr | 42.2 Pas pAm 2 CORT 
PB es siren atte 1900 2 | 42.9 <0 .2 | 85.6 
BOG a wts 1900 7 | 43.6 ue .6 | 88.5 


condition at 40 pct solids with 
1.4 lb fuel oil, 0.85 lb sodium 
lb sulphuric acid per ton feed. 


@ Test constants: 
1.0 lb oleic acid, 
fluoride, and 2.4 


- Rougher flotation for 7 min at 20 pct solids. 


In ‘the plant, the following steps were 


~ taken: 


~ 


1. The plant conditioners were 5 ft in 
diameter by 4 ft deep. Each was equipped 
with a 10 hp motor and a 24-in. diam 
rubber-covered ship-type impeller. Center 

wells were employed. Impeller speed was 
first increased to the maximum permitted 


é by available motor horsepower with little 


~) 
ot 


a 
. 
’ 


ab 


improvement. 
2. Next 15 hp, then 20 hp motors were 


-jnstalled and various methods of baffling to 


increase violence of agitation with and 


agitation than the laboratory unit, but 
plant and laboratory flotation results on 
the plant conditioner discharge showed 
only moderate improvement. 

3. A turbo-mixer type impeller was 
tried, but results were inferior. 

4. Standard parts for a Denver No. 30 
flotation machine (receded disc impeller 
and diffuser plate) were installed, with a 
central standpipe to provide maximum 
circulation. Metallurgical results improved 
immediately; plant results were only 
slightly inferior to laboratory tests. 

In the meantime, laboratory investiga- 
tions of conditioning were continued. It was 
thought pre-emulsification of reagents, 
either mechanical or chemical, might 
permit less violent conditioning, but emul- 
sification had no effect, nor did reagent 
saponification. The possibility that attri- 
tion scrubbing might be taking place was 
also considered, but no amount of violent 
conditioning prior to reagent addition was 
of benefit. Preconditioning at high inten- 
sities with any of the reagents other than 
oleic acid and fuel oil also had no effect. 
Final practical conclusions were that in- 
tense agitation with oleic acid and fuel oil 
using a shearing-type impeller with maxi- 
mum circulation through the impeller was 
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required for good ilmenite recovery and 
gangue rejection. 

Although laboratory testing had indi- 
cated no metallurgical benefits from condi- 
tioning at higher densities, neither were 
results inferior. Higher density conditioning 
had not been tried in the plant, as 4o pct 
solids was the thickest pulp which could 
be delivered to the conditioners from the 
sand pumps elevating the thickened slime 
table feed to the pilot plant. It was decided 
to install a rake classifier ahead of the pilot 
plant. It was felt that this classifier would 
serve three purposes: 

1. Although the slime table feed thick- 
eners served to some extent as deslimers, 
the classifier would eliminate practically all 
colloidal slimes from the flotation feed. 

2. The classifier would even out feed- 
pump surges and an accurate feed tonnage 
determination could be made by catching 
the sands from one rake stroke. 

3. A higher density in both conditioning 
and flotation could be obtained, so that 
- plant capacity would be greater. 

A further improvement in plant results 
occurred when the higher density condi- 
tioning was tried, so that plant and labora- 
tory results were finally substantially 
identical. With the high density condition- 
ing, it was also found that a simple impeller 
with four radial blades set at 45°, operated 
as a downthrust unit, gave satisfactory 
results. This impeller was 24 in. in diam- 
eter, and operated at 260 rpm. 

At the higher density, plant capacity was 
adequate to handle the former slime table 


feed from all four mill sections, so that the 


slime tables were released for service on 
classifier sands. With flotation on all the 
e, slime table feed, it was also possible to 
grind slightly finer (to about 4 pct on 28 
mesh compared to 1o to 12 pct plus-28 
mesh), but this was still limited by sintering 
plant demands. 


PRESENT OPERATIONS 
The present flotation flowsheet, and the 
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plant flowsheet is shown in Fig 2. The feed 
to the flotation feed dewatering classifier 
consists of the underflow from the four 
22-ft diam hydroseparators handling the 
slime overflows from the Dorrco sizers, the 
Crockett separators, the middling cones, 
and the magnetite dewaterers (tonnage 
from the latter two sources is minor). The 
Dorr rake classifier sands at 63 pct solids 
drop into the first of three conditioners in 
series which provide about 18 min contact 
on the average feed rate of 270 tons per day 
Oleic acid, fuel oil, sodium fluoride, and 
sulphuric acid (1.0, 1.4, 0.5, and 2.0 lb, 
respectively) are fed to the first condi- 
tioner. Sulphuric acid is regulated to give a 
pH of 6.5 in the first conditioner and small 
additions are made to the second and third 
conditioners to hold the pH at 6.5. This has 
been found to be important. After condi- 
tioning, a rougher concentrate is produced 
in eight Denver No. 24 cells (sometimes the 
concentrate from the last two or three cells 
is returned to the head of the rougher cir- 
cuit). The rougher concentrate is cleaned in 
three cells and recleaned in three cells of 
the same type except that both cleaner and 
recleaner cells are of wood construction 
while the rougher is steel construction. Acid 
is added to the cleaner to give a pH of 5.8 
and to the recleaner to give a pH of 5.4. 
Cleaner tails return to the rougher and 
recleaner tails to the cleaner. A’ two-cell 
Fagergren machine and a two-cell Agitair 
machine have, at times, been used in the 
rougher circuit for comparative testing. 

Final concentrate is thickened, after the 
addition of lime, in an 18-ft diam thickener, 
and is then filtered in a four disc 6-ft diam 
filter. Filter cake, at ro to 11 pet moisture, 
drops into a storage bin from which a table 
feeder discharges to a conveyor system for 
blending flotation concentrate with the 
Wetherill concentrate for shipment. 

As conditioning pH is critical, a Beckman 
pH meter and a Bristol recorder are used. 
The electrode is located at the discharge of 
the third conditioner. Automatic pH con- 


- position of flotation in the present general trol is anticipated. Feed and tailings are 
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sampled automatically; concentrates and 
intermediate products are hand sampled. A 
cut of the tailings is tabled for pilot pur- 
poses. Besides assays of shift and composite 
samples, daily standard flotation tests on 
the plant-conditioner discharge and on 
laboratory-conditioned pulp are made. 
Shift operations are under direction of a 
technically trained supervisor. 
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Screen analyses of flotation and regular 
plant intermediate and final products are 
given in Table tro. 

The metallurgical balance of the flotation 
operation, based on feed to the condi- 
tioners, is given in Table 11. At present, 


there is some loss of recoverable ilmenite ~ 


in the overflow of the Dorr rake classifier 
preceding the conditioners, as the cnly 


TABLE 10—Screen Analyses of Intermediate and Final Products 


Percentage Weight Retained, Direct 


Product 

+28 +35 
Rod mill feed (new)........... 80.4 3.17, 
Screen undersize.........-2-++0- 4.8 Il.7 
Magnetite concentrate........ 6.7 $5.2 
Crockett slimes.......... 
Dorrco sizer slime....... 
Slime thickener feed. eee 
Slime thickener overflow.....-. 
Flotation feed. . Ay ite 
otal tailing Far gee Sesataeeie 2) 2.5 Oss 
Wetherill ilmenite............ 4.1 13.7 


+65 +100 +150 +200 — 200 

ag 251 2.5 253 1.5 4.2 
I5.4 14.3 13.0 TING 7.8 2r3 
.6 14.6 11.7 10.3 6.2 17/7 
1.5 3-5 9.0 12.3 73-7 

rd 2.2 8.2 23:5 75.1 

2.4 F.6 6.2 TL37 78.1 

0.5 0.9 4-5 2.4 91.7 

0.8 » Vie § 8.1 20.8 68.2 

9 11.6 13:5 13.4 10.1 3ae7 
AL 19.9 17.1 13.5 7.3 3:3 
0.6 3-7 8.9 86.8 


Flotation ilmenite............ 


TABLE 11—Flotation Metallurgical Balance 


Con- | Distri- 
: Assay, . 
Product Tons Beieht TiOz, fonts bution 
Pet | Tid: | Pct 
Flotation con- 
centrate....] 95 35.2 | 4055) |) Aaek 86.0 
Flotation tail- 
TOR oe Shs 175 64.8 4.1 72 14.0 
Flotation feed.| 270 | 100.0 | 19.0 | 51.3 | 100.0 


The oleic acid and fuel oil used impose 
problems with rubber-covered wearing 
parts and with filtration. Neoprene is a 
partial answer for wearing parts. It does not 
have the abrasion resistance of natural rub- 
ber of proper characteristics with oil-free 
pulps, but the oleic acid and fuel oil causes 
rapid deterioration of natural rubber. 
Stainless steel filter cloth, although not 
adapted for disc-filter use with standard 
wood sectors, is markedly superior to ordi- 
nary canvas which blinds rapidly. The use 
of special cloth weaves, woven with syn- 
thetic filaments, is being investigated. 


classifier available was a 5-ft wide unit. 
Additional settling area, to be provided, will 
increase the tonnage of flotation feed to 
approximately 350 tons per day. 

The present overall mill metallurgical 
balance is given in Table 2 (Case 3). Of the 
total increase in TiO, and ilmenite produc- 
tion compared to Case 2 (former results), 
about 45 pct can be attributed to the cob- 
bing operation, producing higher grade 
mill feed and higher recovery, about 15 pct 
to improved gravity concentration results, 
and about 4o pct to extra production from 
flotation. With sufficient classifier capacity 
ahead of flotation, recovery will be in- 
creased to 57.6 pct, and tailing losses re- 
duced to 15.9 pct. The present loss in the 
magnetite, amounting to about 26.5 pet of 
the TiO, in the mill feed, is due principally 
to ilmenite in solid solution in the mag- 
netite, This problem is illustrated in the 
micrograph shown in Fig 3, of a 
particle of magnetite concentrate. This 
micrograph is from a report prepared 
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_ by the American Cyanamid Co. covering a 


quantitative examination of magnetite con- 
centrate. This report concludes that 86 pct 
of the ilmenite in the magnetite is in the 
solid solution form. 


Fic 3—PLus-200 MESH MAG 


1x4 


pct recovery of the TiO, available to flota- 
tion would result in a 68 pct overall recov- 
ery compared with 57 pct now expected 
with the present flowsheet. This contem- 
plated change would again parallel sul- 


NETITE PRODUCT. 1000X. 


An example of the extremely fine Widmanstatten intergrowth of magnetite and ilmenite is 
illustrated. Note that many of the narrow streaks of ilmenite are of micron size. The numerous 
short, straight, black lines are not ilmenite but represent incipient cleavage cracks in the magne- 


tite. (Reduced 14.) 
Mg—Magnetite (light gray). 


Consideration is now being given to the 


:. finer grinding flowsheet (to minus-65 mesh) 


previously referred to. In this flowsheet, 
Crockett separators would still recover a 
magnetite product, but the entire Crockett 
tailing would be treated by flotation for 
ilmenite recovery. Metallurgically, impor- 
tant improvements in ilmenite recovery 
and grade and magnetite grade would 
result. The loss in the magnetite would be 
reduced from 26.5 pct of the total TiOz in 


the mill feed to about 20 pct of the total 


TiO, (more than is indicated from micro- 
scopic examination), leaving 80 pct of the 
TiO, available in the flotation feed. An 85 


Il—Ilmenite (dark gray). 


phide metallurgical developments of several 
decades ago. 


ACKNOWLEDGMENTS 


During the war years, staff changes at 
MacIntyre, as elsewhere, were numerous, 
and many individuals contributed to the 
various developments discussed. Special 
mention should be made of C. A. Reming- 
ton, deceased, formerly metallurgist and 
mill superintendent, Jay F. Silva, formerly 
metallurgist, and Professor Charles E. 
Locke, consultant. The assistance of 
representatives from various companies, 
particularly the American Cyanamid Com- 
pany, the Denver Equipment Company, 


II4, METALLURGY AT NATIONAL LEAD COMPANY, MACINTYRE DEVELOPMENT 


and the Dorr Company was also invaluable. 
The present mill staff, comprising John 
J. Strohl, Mill Superintendent, Henry J. 
Schwellenbach, Assistant Mill Superintend- 
ent, W. P. Jenkins, Mill Foreman, Robert 
I. Kingman, Metallurgist, and William 
Aubrey, Colin Couzens, Thomas Mac- 
Donald, Flotation Supervisors, has been 
responsible for much of the investigative 
work and reduction to practice. 

Gloyd M. Wiles, former Plant Manager, 
besides participating in the technical work, 
vigorously prosecuted executive action 
where required. General company policy of 
individual responsibility and freedom of 
action was also an important factor. 


DISCUSSION 


NATHANIEL ARBITER*—This paper is an im- 
portant contribution to milling technology. 
The findings with respect to the relation be- 
tween energy input in conditioning and flota- 
tion results are particularly interesting. 

The statement is too frequently made that 
any result obtained in laboratory flotation can 
be duplicated in the mill. If the amendment is 
added: Provided that the hydrodynamic condi- 
tions can be duplicated, the statement would be 
more accurate and less conducive to gray hairs. 
Because we usually bury our failures in un- 
marked graves, the literature does not often 
record the unsuccessful attempts to achieve 
such duplication. 

In connection with one investigation, the 
outcome of which has not yet been as fortunate 
as Mr. Milliken’s, the following differences be- 
tween laboratory and mill cells were determined: 


Aeration ae Bes 
ees Ratio, | Through 

Cell Ca Bt j |Volume/) Froth, 

tee Area Cu Ft/ 

Sq Ft/ Ton of 

Min Ore 

Laboratory 2 liter..... 1.61 0.22 3,970 
Mill 7ocuftnom...... 2.58 1.79 860 


Both cells were of the same design. 


* Phelps Dodge Corp., Morenci, Ariz. 


swe ten4 we +- “ - 


It may be true that for simple ores and 
simple separations such differences are not 
significant. But where refractory ores are in- 
volved, where small but important metal- 
lurgical improvements are demanded, or par- 
ticularly where oxidation in pulp or froth is 
important, such differences can make labora-_ 
tory results unrealizable in a mill circuit. 

As ores become more difficult, we may have 
to insist that cell manufacturers adhere to 
principles of dynamic similarity in designing 
laboratory and mill cells. Until they do it is_ 
well to re-emphasize that the flotation cell or 
conditioner can be a variable at least as im- 
portant as reagent concentration, and that 
laboratory and mill machines do not run by the 
same clock unless aeration intensity, unit air 
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supply, and turbulence, among other things, ~ 


are comparable. 


C. E. Locke*—This paper is of peculiar — 
interest to me because as stated therein I had — 
been connected with various and sundry tests 
on MacIntyre ore extending over a quarter of a 
century. However, all tests were on one type of 
high grade ore and the mill design was based on 
these tests. It was war time and the need was 


most urgent so that the mill had to be built — 


immediately to get production. It was impos- 


sible to take time for thorough study of the — 


various types of ore and their amenability to 
concentration and especially to look into the 
application of flotation which had not been 
given any previous attention but which seemed 
to offer much promise. 

The long series of tests that had been made 
clearly indicated a flowsheet combining mag- 
netic separation with gravity concentration on 
tables and the tests gave the necessary data for 
developing the details of the mill design. So the 
mill was built and most happily through the 
fine work of the designers and the construction 
people it functioned right from the beginning. 
A satisfactory ilmenite concentrate although 
somewhat reduced in tonnage was produced in 
spite of the changed mill feed. The company 
had the further good fortune to be able to 


make the changes outlined by Mr. Milliken 


* Massachusetts Institute of Technology, 
Cambridge, Mass. 
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_ without seriously affecting the mill operation. 
- Thus it may be said that the enterprise has 
¢ ome through successfully under conditions 
_ where luck seemed to play a role and they had 
~ mostly good luck. 

is This paper stresses again the old principle 
_ that no mill should be built (1) until the mine 
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has been sampled in every part to determine 
what will be the mill feed, and (2) until all tests 
have been completed to give the correct mill 
design. So important is this that it has been 
the practice of one large company to sample 
and test thoroughly and then repeat the pro- 
cedure to check their first results. 
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Tailings and Mine-dump Reclamation in the Coeur d’Alenes 
during World War II ; 


By W. L. ZrercLter,* MemBer AIME 
(New York Meeting, March 1947) 


DurinG the middle 1880’s, shortly after 
the discovery of silver-lead ores in the 
Coeur d’Alene district of northern Idaho, 
it became apparent that concentration of 
the ores would be necessary to obtain a 
profitable product. Too much siliceous 
material was present for direct smelting, 
and the majority of the ores found at 
depth were too low in metallic content for 
economic smelting processes at the time. 
As the ores occurred in quartzite shear 
zones with siderite and quartz gangue, a 
large quantity of waste material was 
present in all the mines. As the galena 
was not finely disseminated, this made 
possible relatively good extraction of the ar- 
gentiferous galena by coarse concentration. 

The first concentrators consisted mainly 
of coarse crushing, screening and jigging, 
principally by Harz jigs, the slimes being 
treated on buddles. Later Wilfley tables 
took the place of sand jigs and vanners 
superseded the buddles. Because of the 
marketing conditions, no attempt was 
made until 1900 to effect a recovery on the 
zinc minerals present, which were found 
associated in varying amounts with the 
galena. 

All through this period, the greater 
part of the production was obtained from 
mines containing ore assaying high in 
lead and low in zinc. Parts of some ore 
bodies would be reversed in this respect, 

Manuscript received at the office of the Insti- 
tute Dec. 2, 1946. Issued as TP 2145 in MIN- 
ING TECHNOLOGY, March 1 


947. 
* Superintendent of Mills. 


Hecla Mining 
Co., Wallace, Idaho. 


so that ores high in zinc were left intact. 
During the decade after 1910, several 
important mines, The Success and The 
Interstate Callahan, containing ores high 
in zinc, were put into operation and were 
a material aid in the needed zinc production 
during World War I. Gravity concentration 
by jigs and tables was used during this 
period, with bulk flotation increasing in 
popularity for the treatment of the fine 
material that had already been treated by 
ordinary slime concentrating machinery. 
No extra fine grinding for flotation con- 
centration was thought profitable at the 
time. 


TAILINGS DISCHARGED INTO STREAMS 


From the start of mining and milling 
operations in this district until 1904, 
no attempt was made by the various mills 
in the upper district to impound or stack 
their tailings. They discharged them 
directly into the adjacent creeks or 
streams, to be carried away by high water. 
The Bunker Hill and Sullivan and the Last 
Chance mines, both in the relatively flat 
valley of the district, stacked huge piles 
of the coarse jig tailings on the near-by 
river bottom. 

Rain and snowfall are heavy in the 
Coeur d’Alene district, as it is on the 
heavily timbered Pacific slope of the Bitter 
Root Mountains. A heavy runoff occurs 
every spring and there is an occasional 
flood of disastrous proportions when warm 
“Chinook” winds accompanied by rain 
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rapidly melt deep snows in the middle of 
the winter. Because of this, the coarse mill 
tailings that were run into the smaller 
streams during the low-water seasons were 
carried downstream and spread over 
areas of low ground on the river bottom. 


Dumps FORMED 


In 1903, litigation was started by 
farmers in the lower Coeur d’ Alene River 
Valley to prevent pollution of the stream 
by the mining and milling operations above. 
This action led to the construction of 
pile and plank dams across the river beds 
at three different points in the district; 
mainly at Canyon Creek, Osburn, and 
Pine Creek, as shown by Fig 1. After the 
dams were in place, tailings were held 
back at the various points, until the flood 
of 1917, which caused a partial failure 
in the face of the Canyon Creek and 
Osburn dams. As the areas behind these 
dams were already filled with tailings and 
river rubble, no attempt was made to 
restore them at the time. Several attempts, 
on a small scale, were made to rework the 
material that had been stored behind 
these dams, but they were only modestly 
successful and then only during high 
metal prices. Later fine grinding and 
flotation concentration was adopted in the 
mills and the dams were of no further use. 

In order to prevent pollution of the 
lower Coeur d’Alene River Valley, a joint 
dredging operation was adopted in 1932, 
on the river near Cataldo, which is at slack 
water about 15 miles below the mining 
district. The dredge excavates fine tailings 
settled from the stream each year, and 
pumps them for storage on near-by swamp 
ground where the material is safe from 
river currents, thus preventing them from 
being carried on to Coeur d’Alene Lake, 
about 23 miles below. 


REWORKING PROJECTS 


In 1939, after the beginning of World 
War II, increasing prices for metal led to 
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consideration of the reworking of tailings 
deposits as well as mine dumps containing 
small amounts of minerals. This was made 
more attractive when the United States 
entered the war and the quota system of 
metal subsidies was instituted by the 
Metals Reserve. 

During 1940, skilled tradesmen began 
leaving the district in favor of the higher 
wages being paid for war work outside 
of the Coeur d’Alenes. High wages were 
paid for all types of labor on the con- 
struction of the Farragut Naval Station, 
which is less than 100 miles distant, and 
the mines suffered severely from the loss 
of men to this work. About this time, 
Velox Naval Station, near Spokane, was 
started, and was followed immediately 
by the construction of the Alcoa aluminum 
plant and rolling mill, as well as the mag- 
nesium plant, Geiger Air Field, Galena 
Air Base, and lastly, the secret Hanford 
atomic bomb plant near Pasco. Under- 


ground production of ore at the mines’ 


dropped to about one third of normal ton- 
nage, and in some cases considerably more. 


Bunker Hill and Sullivan Mills 


As tonnage of mine ore dropped at the 
Bunker Hill and Sullivan mine at Kellogg 
coarse jig tailings that had been stacked 
at the old Sweeney mill site were hauled 
to the West mill of the Bunker Hill, 
and treated as a mixture with the mine ore. 
A sink-float plant had been installed in 
1941 to beneficiate the ore previous to 
selective flotation concentration, and it 
proved equally beneficial for the treatment 
of the tailings. At first about 500 tons per 
day of these jig tailings was excavated 
for milling but the amount was gradually 
increased until more than tooo tons daily 
was being milled. 

After the Sweeney tailings were ex- 
hausted, operations were shifted to the 
vast pile of jig tailings left from the 


1 References are at the end of the paper. 
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_ Bunker Hill’s West mill operation dating 


from 10908. Also, a concentrator? of 300 
tons daily capacity was built in 1941 
to produce a high-iron flux for the lead 
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taining 0.4 oz Ag, 1.0 pct Pb and 2.0 pct Zn 
was worked, along with a considerable’ 
tonnage from the main mine dump. The 
combined amount of material treated 


‘i Fic 2—OsBURN TAILINGS PLANT, Hecta Mrninc Company. 
Ze Float or waste piled in foreground; screened rubble at right center. 


smelter. Jig tailings stored in a separate 
pile from some of the original milling are 
excavated and crushed to 14 in., screened 
into three sizes, and concentrated by 
Harz jigs and tables. Resulting concen- 
trates have an iron content above 28 pct 
and contain about 50 pct of the lead and 
silver in the original tailings. A coarse 
concentrate is imperative for flux because 
of the needed porosity in roasting. The 
tailings from this concentration are then 
ground and treated by flotation for a silver- 
_ lead concentrate only. This plant operates 
eight months of the year, which meets the 
yearly flux demands of the smelter. 


Interstate Callahan and Galena Mills 


‘» In_ 1940, Zanetti Bros. constructed a 
coarse-jigging plant at the site of the 
razed Interstate Callahan mill. Some 
remaining jig tailings were re-treated and a 
large dump of hand-sorted waste con- 


was about 100,000 tons. The rough jig 
concentrate was hauled by truck to the 
Galena mill,? in Lake Gulch below Wallace. 
This mill has a capacity of about 150 tons 
daily and is equipped to produce both 
lead and zinc concentrates by flotation. 
Zanetti Bros. also worked several areas 
along the south fork of the Coeur d’Alene 
River, between Wallace and Mullan, 
with a portable screening plant, to elimi- 
nate river rock and rubble. 

Another interesting project of the 
Zanettis was the beneficiation of 400,000 
tons of hand-sorted waste that had been 
stored for many years at the upper portal 
of the Tamarack and Custer mine. This 
waste, assaying 0.4 oz Ag, 1.5 pct Pb and 
0.5 pet Zn, was picked from sorting belts 
when the ore was milled at several old 
plants. The ore from the upper workings 
contained a variable quantity of mag- 
netite, which interfered with jigging 
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operations, as it lowered the grade of the 
lead concentrates In the reworking of 
the dump, the material was excavated 
and simply passed over a magnetic pulley, 


TAILINGS AND MINE-DUMP RECLAMATION IN COEUR D’ALENES 


proportionally than any other in the 
district, and the tonnage from underground 
operations dropped rapidly. This was 
made up in part by material excavated 
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Fic 3—SIMPLIFIED OSBURN FLOWSHEET. 


the nonmagnetic portion going to waste. 
The magnetic material contained over 
50 pct of the lead and silver and assayed 
roughly 5.0 pct Pb and 1.5 pct Zn. This 
was then hauled to the Galena mill for 
conventional treatment. 


Morning Mill 


At the portal of the main tunnel of the 
Morning mine at Mullan, a very large 
waste dump had accumulated, Because of 
the great depth of the Morning workings, 
this mine suffered a greater labor shortage 


from the dump by power shovels and 
trucks. About 500,000 tons, assaying 
0.4 oz Ag, 1.1 pct Pb and 0.6 pct Zn, was 
treated in the Morning mill‘ along with the 
regular mine ore. 


Golconda Customs Mill 


The tailings impounded above the 
Canyon Creek dam, about one mile above 
Wallace, were higher in zinc content than 
the average of the accumulations at other 
points, because when the Tiger and Frisco 
mills above were operated a lead-zinc 
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ore was treated but a marketable zinc 
~ concentrate could not be produced by 
methods then in use. This deposit, about 
200,000 tons, was worked for a short time 
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plant did not prove economical and a sink- 
float plant of 400 tons daily capacity was 
later installed at the mill. Float, or the 
waste portions of the tailings, is discarded, 


Looking up the valley of the south fork of Coeur d’Alene River. Tailings are shown along the 


River at foothills across the valley. 
picture. 4 


in 1937 on a small scale, and was treated 
at the Golconda customs mill, which has a 


capacity of 175 tons per day. 


Formosa Mill 


In 1942, the Small Leasing Co.® rein- 
stalled the machinery in the old Formosa 
mill, about one mile above the deposit. 
It was equipped to produce both a lead 
_and a zinc concentrate, with an initial 
ra capacity of 125 tons per day. After several 
years operation on the higher grade tailings, 

a jigging plant consisting of screens and 
a Bendelari jig was installed at the site 
of the deposit to beneficiate tailings from 
clean-up areas that were too low grade 
for the regular treatment methods. This 


Osburn dam is up the valley at the extreme right of the 


while the sink and sands are treated at 
capacity in the grinding and flotation 
circuit of the mill. 


Pine Creek Dam Area 


Several attempts have been made in 
the past to rework tailings settled from 
the river behind the Pine Creek dam. 
As both the Bunker Hill and Sullivan and 
the Sweeney mills stacked their jig tailings 
near this site, and the Osburn dam held 
back most of the coarse tailings from the 
mills above, the material in this area is very 
fine. Because of this, the lead minerals 
present are almost completely oxidized, 
which complicates selective flotation and 
makes it difficult to produce a marketable 
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concentrate of either lead or zinc, as well 
as economical recovery. 

In 1941, the Gibbonsville Mining Co. 
erected a plant of 250 tons daily capacity 


Fic 5—ELEVATORS AT OSBURN. 
Medium elevator at left; top of sink elevator 
at center. Medium storage tank at right. 


to treat the fine material from this area. 
Very: little grinding was necessary, so the 
mill consisted mainly of conditioning and 
flotation equipment. A satisfactory re- 
covery of the metals was not obtained, 
and after several runs were made by differ- 
ent operators, the plant was finally 
dismantled. 


Hecla Mining Company Mills 


Early in April 1943, the Hecla Mining 
Co. placed in operation on a small scale 
a plant at Osburn, Idaho,® designed to 
beneficiate eventually 3000 tons daily of 
a large accumulation of jig tailings, con- 
servatively estimated at 3,000,000 tons, 
which had been impounded by the Osburn 
dam (Fig 2). The tailings were from the 
Gold Hunter, Morning, Snowstorm, Na- 
tional, Hercules, Frisco, Hecla, Standard, 
Mammoth, Interstate, Success, Tamarack, 
and Tiger mines, the respective mills being 
situated on the streams above the dams. 
This plant, which has proved to be by 
far. the. most important reclamation .pro- 
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ject in the district, now produces a feed 
of commercial grade for the Company’s 
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different flotation mills, as well as lead — 


and zinc concentrates for smelting. The 
plant methods employed include screening, 
sink-float beneficiation, and lead and zinc 
flotation. 

The material treated at the plant is 


mined by power shovels and transported — 


to the plant by 12-yd Koehrings, which 
are bottom-dump semitrailers powered 
by two-cycle G.M. diesel engines (Fig 3). 
Bulldozers assist the shovels by stock- 
piling ahead of them. The treatment 
plant proper is at about the center of 
the deposit, which is approximately one 
mile long and one half mile wide, and 
which is readily accessible from the main 
highway, about soo ft distant. The 
material from the tailings deposit is 
dumped into a 30-ton steel-lined loading 
bin at the plant, the top being accessible 
by two earth ramps. A steel grizzly on 
top of this bin, having 1o-in. openings, 
separates the coarse river gravel and 
pieces of driftwood from the tailings, 
and these are then removed by hand after 
each load is dumped. The undersize, or 
tailings, amounting to 3000 tons per day, 
travels up a 60-in. belt conveyor to a 
5 by t1o0-ft Ty-Rock screen having 3 by 
5-in. openings, where more wood and coarse 
rock are removed as oversize and trans- 
ported to a bin by a 42-in. belt conveyor. 
This waste material is hauled by truck to 
the worked-over areas of the tailings 
deposit. 

The undersize from the 5 by 10-ft 
Ty-Rock travels up an inclined 3o0-in. 
belt conveyor to the top of the screening 
plant. Here it is screened on a 4 by 1o-ft 
Ripl-flo screen having 1}4-in. openings 
from which the undersize falls directly 
into the soo-ton main storage bin. The 
oversize is carried away by a 20-in. belt 
conveyor and stacked on the rubble pile 
at the rear of the plant. Fine material 
falling into the. bin from the feed end of 
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this screen, being higher in metallic content 
than the average tailings, is removed by 
a side chute and hauled to the Gem and 
Polaris (Fig 4) 


mills without further 


Fic 6—Tor oF 9 BY 8-FOOT SINK-FLOAT 
SEPARATOR. 
Storage bin and feed conveyor above 


processing. Trucks are used entirely 
for hauling to the Polaris mill, which is 
about 114 miles west of the Osburn plant. 
The material for the Gem mill, which is 
approximately 9 miles from the tailings 
deposit, is loaded by trucks at the Osburn 
siding into 80-ton air-bottom-dump rail- 
road cars. At Gem it is dumped into the 
ore bins. 

The coarse material accumulates to a 
large degree on the other side of the bin 
and forms the true feed to the plant. 
From here it is withdrawn and elevated 
to two 4 by 14-ft Lowhead washing 
screens having 6-mm openings. The over- 
size produced here (—1}4-in. + 6 mm) 
forms the feed to the sink-float separator 
(Figs 6 and 7), which is of the Huntington- 
Heberlein type, using galena as medium. 
The float product is washed and conveyed 
to a bin, from which it is hauled away and 
discarded. The sink product undergoes 
the same treatment and is hauled to the 
Gem mill together with the other products. 

The undersize from the 6-mm screens 
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goes directly to a 48-in. drag classifier; 
where a separation is made at about 65- 
mesh. The minus 65-mesh material con- 
stitutes the overflow and discharges by 


Fic 7—BOoTToM OF SINK-FLOAT SEPARATOR. 
Sink elevator housing at left. 


gravity into a 30-ft thickener. The rake 
product (—6-mm + 65-mesh) is trans- 
ported by a belt conveyor to a split bin; 
one section of which is used as a feed 
bin for the ball mill while the other is 
used as a loading bin, from which the 
sands are hauled to the Gem and Polaris 
mills by the methods described earlier. 

The ball-mill circuit consists of a 
ro-ft by 48-in. Hardinge ball mill in closed 
circuit with a Wemco so-in. duplex sub- 
merged spiral classifier (Fig 8). The 
classifier overflow is pumped to an eight- 
cell bank of 56-in. Fagergren flotation 
machines, of which four are used as lead 
roughers and four as zinc roughers. Both 
rougher concentrates are cleaned twice 
in 18-in Sub-A flotation machines. The 
concentrates are filtered and stored for 
shipment to their respective smelters at 
Kellogg. 

In planning this project, factors such 
as the limited life of the operation, scarcity 
of appropriate building materials, and 
lack of skilled and unskilled labor, had 
to be taken into consideration. Inability 
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to obtain steel prevented its use in the 
construction of the plant buildings; and 
the Navy order freezing cement and sawed 
lumber came during the initial planning 
stages, which led to the adoption of wood- 


Fic 8—GRINDING UNIT, OSBURN TAILINGS 
PLANT. 
Hardinge ball mill and submerged classifier. 
Dry reagent feeders at upper left. 


pile foundations for all of the construction; 
347 pilings were driven to a depth of 6 
to 8 ft in the river gravel by an air-driven 
pile hammer, for the various loading 
and storage bins, thickeners, and the 
first story of the buildings proper. Because 
of the scarcity of timber, ordinary round 
mine stulls were used for this work. All 
the buildings and bins are wood, with 
roofs and exterior walls covered with 
asphalt composition roofing and felt 
paper, respectively. 

The production of silver, lead, and zinc 
from the Osburn plant in the year 1945 
ranked high with that of various mines 
in the state of Idaho. It was exceeded in 
production of silver only by the Sunshine 
mine, which is a silver mine; in lead only 
by the Bunker Hill and Sullivan mine, 
which is essentially a lead mine; and in 
zinc only by the Star mine, the ore of 
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which contains mainly zinc. Because of 
the continuation of the shortage of under- 
ground labor in the district, the same will 
probably be true of the production of 
metals in 1946. 


Recovery of Metals 


In most of the old gravity-concentration 
plants in the district, ores were crushed 
to pass 30-mm round-hole screens before 
jigging was started. Consequently, in 
all the recent tailings reclamation projects, 
foreign material over this size, such as 
river gravel and wood, are screened out 
as waste before treatment is begun. 
Oxidation of the galena is apparent in 
all the old tailing deposits in varying 
degrees, being only superficial on coarse 
sizes and increasing to complete oxidation 
of sizes finer than 65-mesh. For this 
reason, recovery of contained lead and 
silver is low, as no economical method of 
flotation concentration has been devised to 
recover the oxidized material. An average 
recovery of the metals has been approxi- 
mately 65 pct of the silver, 50 pct of the 
lead, and 75 pct of the zinc (Table 1). 

The only large deposits of material 
remaining in the district that may be 
reworked in the future are the huge 
Bunker Hill and Sullivan West-mill jig- 
tailings pile, and the remainder of the 
tailings in the Osburn dam area, which 
may amount to about 1,000,000 tons. 

Ordinarily concentrates produced by 
treatment of tailings by flotation have a 
metallic content comparable with those 
from current higher grade mine ores. The 
silver-lead concentrates have a_ typical 
assay of 45 oz Ag, 60 pct Pb and 7 pct Zn, 
while zinc concentrates average about 
5 oz Ag, 3.5 pct Pb and 50 pct Zn. 

Thirty years ago the concentration of 
ores was considered. an individual problem 
for each mine, and the flowsheets of the 
mills varied widely, according to the 
grades and characteristics of the ores. 
At the present time, a universal method of 
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TABLE 1—Summary of Projects 


See we SS 


Assays Metallic Content 
; Tons 
Operation T 
ted 
peeMeON REV Phyo Sten Hn ee ik Pb ot Vee 

Oz Pct Pct 8 Tons Tons 

Hecla, Osburn....... 2,700,000 Dade ley, 1.7 | 3,510,000 
ich er OO DRO een ee ,700, ‘i . : 510, 45,900 | 45,900 
B. H.and S.: Sweeney?................4 426,000 0.7 | 1.8" 0.8 298,200 7668 3408 
Wieeteriiablio met mob icicinyn Sete nchsgs «fefeorst Plt ove 450,000 0.5 | 1.2 0.6 225,000 5400 2700 
Tron plant........06.2 02s eee e eee ees 280,000 0.9") 1.9 0.9 252,000 5320 2520 
Mae toiviNtErstates.jaele.cicie ai tn ee i ca ne mele 500,000 0.4 | 1.0 2.0 200,000 5000 | 10,000 
Tamaracke Boil oa ine cao ca eee aes 400,000 O.4)| T.5 0.4 160,000 6000 1600 
Misc. proj.¢. .. 222. - eee see eee ew 50,000 On. 5) 1.8 1.5 25,000 900 750 
Morning, mine dump¢............-.--.+ 500,000 On| Wed 0.8 200,000 5500 4000 
Small Leasing?....4......+- Mente saci te 200,000 O10 4259 2.4 120,000 3800 4800 
Miscellaneous (Golconda mill)*........... 100,000 Te On tes) ay 20: 100,000 1500 2000 
(Erainnt Ii op niles oe Oe ee ety Gor atl cere 5,606,000 5,090,000 | 86,988 | 77,678 
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a Exhausted in 1946. 


4 c 4. M. P. Dalton: Milling Methods and Costs 
treatment by flotation of the composite Pane ciie Concantiaten baci 


tailings of all the old mills is used, without oe Mining Z and Smelting Co., 
. . Mullan, Idaho. U.S. Bur. Mines Inf. Cire. 

any appreciable difficulty. 6s87 (April 1042). 

5. Small Leasing Company. Mining World 
(Nov. 1943)- 
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The Flotation of Fluorite 


By Enw C. PrantEe* 
(New York Meeting, March 1947) 


Tuts paper deals with the flotation of the 
mineral fluorite (calcium fluoride) and of 
two associated gangue minerals, calcite 
and quartz. The aim of the investigation 
was to produce ‘“‘acid-grade”’ fluorite, 
which must contain less than one per cent 
of silica. 

Several reagents are used successfully in 
practice for floating fluorite from its ores. 
Oleic acid is the most widely used collector, 
usually at temperatures above 60°C, with 
sodium silicate as a dispersant for quartz 
and quebracho or tannin to depress calcite. 
Sulphides (e.g., galena) are often removed 
first by xanthate flotation. Many investiga- 
tors?* report results in which more than 
80 pct of the fluorite is recovered in a con- 
centrate assaying 96 pct or more of fluorite 
and less than 1 pet of silica. 

This investigation was undertaken with 
the intention of floating the gangue, which 
is the minor constituent of the ore, from 
the fluorite. Hence emphasis was first 
placed on the cationic compounds that 
float quartz. No satisfactory separations 
were obtained in this way, and other re- 
agents were investigated to discover 
whether these were more effective than 
oleic acid in floating fluorite from quartz in 
the usual way. 

The first part of the paper describes ex- 
periments with several long-chain collectors 
available commercially. Most of this work 
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has been by captive-bubble and cylinder 
flotation tests, with some batch tests in a 
flotation machine. The second part de- 
scribes the use of sodium cetyl sulphate as 
a collector for fluorite and includes labora- 
tory tests and extension of the work to 
batch tests in the flotation machine. A 
method for determining the adsorption of 
sodium cetyl sulphate on fluorite has been 
developed and is described. 


Theory of Collection by 
Paraffin-chain Salts 


It may be assumed that these compounds 
are adsorbed at the mineral surface in 
one or more of three ways outlined by 
Kolthoff :? 

1. Exchange adsorption between lattice 
ions in the mineral surface and collector 
ions in solution. Closely related is adsorp- 
tion by the collecting mechanism postu- 
lated by Taggart,!7 in which there is 
metathesis between the collector and the 
mineral cation or anion. 

2. Exchange adsorption between ad- 
sorbed gegen ions (p. 67, ref. 19) and col- 
lector ions in solution. 

3. Adsorption of nonelectrolytes (polar- 
nonpolar) without displacement of adsorbed 
ions. 

With cationic collectors, inorganic ca- 
tions in the solution (e.g., hydrogen ion) 
compete with the collector ions and there- 
fore act as depressants, while inorganic 
anions have the same effect with anionic 
collectors. From this follows the general 
conclusion that ions of the same charge as 
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the collector usually act as depressants for 
that collector, while ions of the opposite 
charge may be activators. These effects 
may be partly or wholly prevented by 
precipitation of the added ions by the 
collector. 


EFFECT OF COLLECTOR CONCENTRATION 
ON FLOTATION 


Curves have been constructed from 
captive-bubble and cylinder flotation tests 
showing the solution compositions in which 
adsorption of collector and flotation of the 
mineral occur. The solution compositions 
in which flotation occurs are distinguished 
by a full line from those in which it does 
not, and solutions in which there is adsorp- 
tion of collector but no flotation are dis- 
tinguished by a broken line (Figs 1-13). 
The conditions under which flotation, 
adsorption and nonflotation occur are 
marked on figures in which there is only 
one graph. It would be confusing to show 
these points on figures containing more 
than one graph. Cessation of flotation 
in solutions of high ion concentrations 
despite the presence of an adsorbed col- 
lector film on the mineral is characteristic 
of most polar-nonpolar compounds!® and 
the longer the chain length of the alkyl 
compounds, the lower the concentration 
of collector at which this effect occurs 
(cf. laurylamine and cetylamine, Figs 7 
and 8). The phenomenon is postulated 
to be due to two effects: 

1. “Armouring” of the 
collector ions.”° 

2. Formation of a partial or complete 
second layer of adsorbed collector mole- 
cules on the mineral, oriented the wrong 
way for attraction between the collector 
film and an air bubble (Held and Samak- 
hvalov.? Gaudin and Rizo-Patrén,° Taggart 
and Arbiter!®17 Rogers et al.'® 

This cessation of flotation is induced by 


bubble by 


- sufficiently high concentrations of the 


collector itself, and it is favored by the 
presence of neutral salts, acids and alkalies 
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in proportion to their concentrations. 
Thus the range of flotation is decreased 
by addition of alkalies and acids apart 
from any specific effects due to hydrogen 
or hydroxyl ions. 

It should be realized that results ob- 
tained in the laboratory by captive-bubble 
and cylinder flotation tests are not neces- 
sarily identical with those obtained in 
the flotation machine. Many factors 
other than those considered in these tests 
influence recovery and grade in practice. 
Hergt et al.8 have shown in the flotation 
of cassiterite that discrepancies exist 
between laboratory and flotation-machine 
tests. However, by avoiding marginal 
(i.e., conditions shown in the figures to 
be close to the curve separating the region 
of flotation from that of nonflotation) 
conditions for separations based on labora- 
tory results, serious discrepancies usually 
do not occur. 

Wark and Wark®! have shown that 
discrepancies sometimes exist between 
captive-bubble and cylinder tests for the 
response of sulphide minerals to amines. 
No differences were found for those results 
reported in this paper, which were checked 
by both methods. However the discrep- 
ancies if they occur are usually small and 
should not concern the operator who avoids 
marginal conditions when translating labo- 
ratory results into practice. 


EXPERIMENTAL PROCEDURE 
Preparation of Mineral 
For captive-bubble tests mineral speci- 
mens as pure as possible were prepared 
in the manner described by Wark."® 
In both captive-bubble and cylinder 
tests the mineral was conditioned for 
30 min. in the test solution at 3 53°C, and 
then tested for air-bubble contact or 
flotation. If there was no response by the 
mineral it was placed in water of the same 
pH value as the original solution and tested 
for the presence of an adsorbed film of 
collector. 
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For cylinder flotation tests,!® the mineral 
was boiled with sodium hydroxide to 
remove grease, with acid to remove alkali, 
and finally with water; it was then ground 
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Fic 1—RELATIONSHIP BETWEEN AEROSOL 
OT CONCENTRATION AND pH VALUE—FLUORITE. 
TEMPERATURE, 35°C. 

In this and following figures: 

Circle indicates air-bubble contact or flota- 
tion. 

x in circle indicates doubtful contact or 
flotation. 

X indicates no contact or flotation. 


under water with a clean pestle and 
mortar, washed into a clean stoppered 
5o-ml cylinder, and shaken with water 
containing a frother (terpineol) only. 
Only if no mineral floated was it considered 
uncontaminated and suitable for tests. 


Preparation of Test Solutions and Measure- 
ment of their pH Value 


The test solutions were prepared by 
adding reagents in the order: (1) acid 
or alkali to give the desired pH value; 
(2) activator or depressant if required; 
(3) collector. The solution was then 
made to an accurate volume and, for 
reasons cited by Rogers et al.!® the pH 
value was measured with the glass elec- 
trode. The pH value of the solution was 
again measured after the 30-min. con- 
ditioning period. 


THE FLOTATION OF FLUORITE 


Analysis of Flotation Products 


The flotation products were sampled by 
riffing, the analytical sample ground to 
minus too-mesh (to hasten solution) and 
analyzed by the method given by Low 
et al.2? Calcite was estimated, although 
it is not recorded in the tables and was 
found chiefly in the tailings. Various 
amounts of iron were found in the tailings 
also. 


CoLLEcTorS INVESTIGATED 


The following collectors were used: 
Aerosols MA and OT, Sapamine MS, 
Ninol 737, Igepon T, cetyl trimethyl 
ammonium bromide, and laurylamine 
and cetylamine hydrochlorides. The first 
five reagents were commercial samples 
and were used without purification. Cetyl 
trimethyl ammonium bromide was pre- 
pared as described previously!® and lauryl- 
amine and cetylamine hydrochlorides were 
prepared and purified in the laboratory. 

The Aerosols, being sulphonates, are 
adsorbed on the cations of the fluorite 
surface—i.e. on the calcium ions—and 
compete with other anions in solution. 
Aerosol OT is the sodium salt of the 
dioctyl (2-ethyl hexyl) ester of sulpho- 
succinic acid:—Na2,03S.CHOOC3H7.CH>- 
COOCsHy7.!3 In Aerosol MA hexyl (methyl 
amyl) groups replace the octyl groups of 
Aerosol OT. McBain and Merrill'® state 
that the Aerosols, which are manufactured 
by the American Cyanamid and Chemical 
Corp., are 99 pct pure. 

There is no significant difference be- 
tween the curves in Figs 1 and 2, showing 
the solution compositions in which fluorite 
is floated by the two compounds. Neither 
reagent floats calcite or quartz. No 
anionic compounds are known to be 
collectors for quartz unless it is activated 
by metallic ions such as Pbt++ or Fet,*. 

Surface-tension measurements under sim- 
ilar but not necessarily equilibrium con- 
ditions on solutions containing 50 mg of 
Aerosol OT and Aerosol MA per liter 
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gave values of 44.0 and 56.9 dynes per 
centimeter, respectively. 

It is of considerable interest that 
repetition of the octyl and hexyl groups 
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Fic 2—RELATIONSHIP BETWEEN AEROSOL 
MA CONCENTRATION AND pH VALUE—FLUO- 
RITE. TEMPERATURE, 35°C. 


in the Aerosols confers on them good 
collecting properties. Similar compounds 
with a single ester group would not be 
expected to be collectors at concentrations 
as low as ro mg per liter. Thus Hansen 
(Table 3, ref. 6) has shown that 1-18 lb 
of heptylic acid (CsHisCOOH) or 0.8 to 
4 lb of pelargonic acid (CsHi7 COOH) 
per ton of mineral is required to float 
various carbonate minerals, which is at 
least 10 times the amount of Aerosol OT 
or Aerosol MA required to float fluorite. 
Igepon T is an anionic collector manu- 
factured by the General Dyestuff Corp. 
and Colgate Palmolive Peet Co., and 
has the formula C17H33CONHC2H.SO3Na.? 
It is a collector for fluorite, being adsorbed 
over a pH range from 1 to 13. At high pH 
values the inorganic ion concentration 
hinders flotation despite the presence of 
an adsorbed collector film (Fig 3). Igepon T 
in concentrations greater than 30 mg 
per liter floats calcite, there being no 
detectable difference between flotation 
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and adsorption curves. Igepon T is not a 
collector for quartz. 


Ninol 737, prepared by the Ninol 
Laboratories, has been described!® as a 
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Fic 3—RELATIONSHIP BETWEEN IcEPON T 
CONCENTRATION AND pH VALUE—FLUORITE, 
CALCITE. TEMPERATURE, 35°C. 


Cio-Cis alkylolamine condensate and is 
therefore a cationic collector. In stating 
that Ninols are collectors only for activated 
minerals, Dean and Ambrose (p. 31, ref. 4) 
presumably were referring to anionic 
Ninols, for later (p. 65) they show that 
acylated and alkylated Ninols, which 
are referred to as DLT reagents, are 
cationic collectors. Fig 4 shows that 
Ninol 737 is a collector for calcite and 
quartz up to pH values of about 8 and 
for fluorite up to pH 13. The nonflotation 
of calcite and quartz above pH 8 must 
be due to hydroxyl ions, for both minerals 
floated in a neutral solution of N/1ooo 
sodium chloride, indicating that sodium 
ion is not the depressant. Flotation 
tests in a s5oo-gram machine confirmed 
the behavior of calcite. With the addition 
of 30 mg of the collector per liter, the 
recovery was 72 pct at a pH value of 7; 
44 pet at pH 8 and 4 pct at pH 9g. As 
the reagent is cationic and therefore 
adsorbed on the anions of the mineral 
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lattice, similar behavior of calcite and 
fluorite would not be expected, and Fig 4 
shows that the regions of flotation differ. 

Sapamine MS is a quaternary ammo- 
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Fic 4—RELATIONSHIP BETWEEN NINOL 737 
CONCENTRATION AND pH VALUE—FLUORITE, 
CALCITE, QUARTZ. TEMPERATURE, 35°C. 


nium salt-diethyl amino ethyl oleyl amide 
methyl sulphate.!* It ionizes in solution 
and the cation is the collector. It is a 
collector for fluorite and quartz and for 
the concentrations tested the conditions 
' for adsorption are the same as those for 
flotation for each mineral (Fig 5). As 
’ much as 175 mg of the collector per liter 
can be tolerated by fluorite without any 
diminution of flotation even at a pH 
value of 13, which is unusual. Sapamine 
MS does not float calcite. 

Cetyl trimethyl ammonium bromide is a 
cationic collector, being a quaternary 
ammonium salt [N.(CHs)3.CisH33]Br. It is 
completely ionized. Fig 6 shows that it 
is a collector for fluorite.and quartz but not 
for calcite. Flotation in solution ceases for 
fluorite when the collector concentration 
reaches 80 mg per liter and for quartz 
at 150 mg per liter. This difference might 
be thought to be due to the higher solu- 
bility of fluorite compared with that of the 
silicates, with a resultant larger amount 
of electrolyte in solution, an effect that 


might be partly offset by the greater 
ionic strength in the quartz pulp of poly- 
valent silicate ions. However, no con- 
firmation for this view was obtained from 
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MS CONCENTRATION AND pH VALUE—FLUO- 
RITE, QUARTZ. TEMPERATURE, 35°C. 


a cylinder flotation test with quartz with 
1oo mg of cetyl trimethyl ammonium 
bromide per liter, when distilled water 
was replaced by the filtrate from the pulp 
of distilled water and ground fluorite 
which had been kept at 35°C for 30 min.; 
under these conditions the quartz floated 
well. 

Figs 7 and 8 show the flotation and 
adsorption curves for cetylamine and 
laurylamine hydrochlorides. Both are col- 
lectors for all three minerals. With lauryl- 
amine the solutions in which adsorption 
and flotation occur are identical for each 
mineral, and the solution composition in 
which collector concentration prevents 
contact is still not reached at concentra- 
tions of collector of 175 mg _ per liter. 
Cetylamine hydrochloride, however, with 
a longer chain length, shows this effect 
well. Flotation of calcite ceases at 170 mg 
of collector per liter. With fluorite there 
is no flotation above 135 mg of collector 
per liter. The difference between the two 
minerals can scarcely be due to different 
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solubilities of the minerals, for their 
solubilities are very similar: calcite = 
0.0014 gram per 100 cc at 25°C; fluorite = 
©.0017 gram per 100 cc at 26°C.® The 
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Fic 6—RELATIONSHIP BETWEEN CETYL TRI- 
METHYL AMMONIUM BROMIDE CONCENTRATION 
AND pH vALUE—FLUORITE, QUARTZ. TEMPERA- 
TURE, 35°C. 


divalent carbonate ion might be expected 
to be more effective in solution than the 
monovalent fluoride; however, two fluoride 
ions may dissolve for one carbonate, 
which would tend to counterbalance this 
effect, or the fluoride and carbonate ions 
may dissolve at different rates. 

The behavior of calcite cannot be 
studied below pH 6, because solutions 
with lower pH values dissolve the calcite 
and the pH value is soon restored to 
6 or 6.4. 

In solution amines react as follows: 


RNH, + H+ = RNH3t 


so that the relative amounts of free 
base and ion depend on the pH value 
of the solution. . 

The values shown in Table 1 have been 
calculated by well-established methods, 
accepting the value of 13.991! for Kw and 
calculating pKa to be 10.6,* and assuming 
complete solubility of laurylamine hydro- 
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chloride over the whole pH range. How- 
ever, there is not complete solubility of 
laurylamine hydrochloride over the whole 
range of pH values. Taggart, Arbiter 
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Fic 7—RELATIONSHIP BETWEEN CETYLAMINE 
HYDROCHLORIDE CONCENTRATION AND pH 
VALUE—FLUORITE, CALCITE, QUARTZ. TEMPERA- 
imonaol, SC. 
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Fic 8—RELATIONSHIP BETWEEN LAURYL- 
AMINE HYDROCHLORIDE CONCENTRATION AND 
pH vALUE—FLUORITE, CALCITE, QUARTZ. TEM- 
PERATURE, 35°C. 


* The pKa value of 10.6, based as it is on 
the accurate conductimetric method used by 
Ralston, McCorkle and Hoerr! is preferred 
to that given by Taggart, Arbiter and Kel- 
logg;!§ namely 8.8. The former figure is more 
in line with that for similar amines. In a paper 
published since this manuscript was prepared, 
Kellogg and Vasquez-Rosas similarly accept 
this figure. . oe ves a 
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and Kellogg!* report the formation of a 
Tyndall cone at a pH value of about 8.5, 
which means that the solubility of free 
base must be just below o.2 mg per liter 
at this pH value. Hence in Table 1 the 
figures for the ratio of base to ion are 
valid, and columns 3 and 4 give correct 
values up to pH 8.5, but above pH 8.5 the 
values are far too high. 


TaBLE 1—Concentration of Laurylamine 
and Laurylammonion Ion in Solution at 
Different pH Values 
For SoLuTions CONTAINING 25 Mc LAuRYL- 
AMINE HyDROCHLORIDE PER LITER 


CizHesNHe | CyHosNHe, | Ci2HesNHyt*, 
pH Value Ci2H25NHst* | Mg per Liter | Mg per Liter 

—10 

I 2.38 Xu = 5.01 105? 21.0 
=F 

r 738 XO" 5.0 X 10-8 21.0 
ce. 

8 rss 5.0 X 1072 21.0 
-2 

8.5 bebe es 0.2 (0.16) 20.8 

Vi0 

. 38 ne 

9 eae 0.50 20.5 
2.38 X 107! 

Io a es 4.0 17.0 

10.6 A 10.5 ZorS 

.38 

II 2° 14.8 6.2 

ah ooo 20.2 0.8 
2.38 X 10? 

13 wea tome 20.9 0.09 


Table 2 shows the effect of this re- 
stricted solubility on the amounts of 
free base and ion actually present in 
solution between pH 8.5 and 13, it being 
assumed that the base has a solubility of 
0.2 mg per liter over the pH range of 8.5 
to 13. 

The concentration of ion in solution is 
appreciable up to pH 10.6. Captive- 
bubble tests with polished quartz speci- 
mens at pH 7, where the laurylamine 
exists as the ion, showed that 0.25 mg of 
laurylamine hydrochloride per liter (0.2 
mg of free base per liter) showed “‘catch- 
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TABLE 2—Concentration of Laurylamine 
and Laurylammonium Ion in Solution 
at pH 8.5 to 13 


CwHesNHe, Mg | CizH2sNHs*, Mg 

pH Value per Liter per Liter 

8.5 0.2 (0.16) 20.8 

10 0.2 0.8 

10.6 0.2 0.2 

Il 0.2 8 x OTe 

12 0.2 8 X 1073 

13 0.2 8 X50 


ing” of an air bubble. Hence the con- 
centration of ion in a 25-mg-per-liter 
“solution” is probably sufficient to act 
as collector up to pH 10.6. The mechanism 
of coilection is considered to be as follows: 

Up to pH 1o the laurylammonium ion 
is the collector; between pH to and 10.6 
both ion and base act as collector and 
above pH 10.6 the free base is the effective 
agent. It is considered that above pH to 
any ion in solution is still preferentially 
adsorbed, but there is probably insuffi- 
cient to form a sufficiently coherent film 
for an air bubble to adhere to. The free 
base is then adsorbed in the spaces on 
the mineral surface. 

Taggart and Arbiter'® state that if the 
collecting mechanism is of the type 


Rt + Y¥-4+ MX=RX+ Mt+ Yq 


where Rt is the collector ammonium ion, 
Y- the anion of the amine salt and M+ 
and X~ are the cation and anion of the 
mineral, the reaction should obey qualita- 
tively the mass action law; i.e. “coating 
and collection should be aided by the 
addition to the solution of either ion 
(R*+ or X-) of the collector-coating com- 
pound, and hindered by the addition of the 
ions M+ or Y~-.” The statement that Y- 
can affect the reaction is untenable, 
since it occurs on both sides of the equation 
and therefore cannot influence the equilib- 
rium in any way. 

This equation may be written for 
fluorite with laurylamine hydrochloride 
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as collector as follows: 


2LNH;+ + 2Cl- + CaF, =— 2LNU3F 
San Oe Wie le 3 hae 


Cylinder flotation tests with 25 mg 
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Fic 9—LAURYLAMINE HYDROCHLORIDE, 25 MG 
PER LITER, RELATIONSHIP BETWEEN SODIUM 
CHLORIDE CONCENTRATION AND pH vALUE— 
FLUORITE. TEMPERATURE, 35°C. 


laurylamine hydrochloride per liter as 
collector showed that calcium ion de- 
presses fluorite in the acid region, there 
being no flotation below pH 5 (Fig 10). 
This depression is in accordance with 
Taggart’s theory!® but, according to this 
same theory, the flotation of calcite 
should also be depressed by the addition 
of calcium ion, whereas it is unaffected 
by concentrations of calcium ions up to 
500 mg per liter. In general the presence 
in the system of an ion common to the 
mineral may affect the adsorption of 
collector in two ways: by competition 
with the collector ion for adsorption, or 
by precipitation of the collector ion. 
Calcium ion has no effect on the flotation 
of quartz. It could affect flotation only 
by competition with the laurylammonium 
ion at the mineral surface. Depressant 
effects by foreign cations are shown in 
Figs 9, 11 and 12. Depression by copper 
salts is due to soluble copper: Fig 11 
shows that flotation becomes independent 
of the amount of copper chloride added 
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at pH values above 6.6 because further 
additions merely result in precipitation of 
additional hydroxide or basic salts. (Al- 
though Britton? states that copper hydrox- 
ide precipitates at a pH value of 5.3, his 
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Fic 10—LAURYLAMINE HYDROCHLORIDE, 25 
MG PER LITER. RELATIONSHIP BETWEEN CAL- 
CIUM CHLORIDE CONCENTRATION AND pH VALUE 
—FLUORITE. TEMPERATURE, 35°C. 


solutions were very much more concen- 
trated than those used in these tests, for 
which turbidity first appears at pH 6.6.) 

Chromium acts as a depressant either 
in the form of the chromium ion or as 
“chromite ion” or peptized chromium 
hydroxide. At pH values up to 6 there is 
very little precipitate in solution although 
the solution is turbid. Between pH values 
of 6 and 11 there is a flocculent precipitate, 
which disappears between pH 11 and 12, 
either because of peptization of the chro- 
mium hydroxide or its solution as chromite. 
The conditions under which quartz does 
not float in the presence of chromium 
correspond with those under which chro- 
mium is soluble. 

Taggart and Arbiter! say that depression 
of a mineral in the presence of an amine 
collector may be effected by addition of a 
small excess of a cation that forms with 
the mineral anion, a compound less soluble 
than the mineral itself. Calcium fluoride 
is more insoluble than any of the fluorides 
formed with the common cations, so this 
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theory of depression cannot be tested 
for fluorite. However, results show that 
to be a depressant a cation need not neces- 
sarily form a fluoride more insoluble than 
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Fic 11—LAURYLAMINE HYDROCHLORIDE, 25 
MG PER LITER. RELATIONSHIP BETWEEN CUPRIC 
CHLORIDE CONCENTRATION AND pH vALUE— 
FLUORITE. TEMPERATURE, 35°C. 


fluorite, for sodium chloride depresses 
fluorite with laurylamine as collector and 
sodium fluoride is much more soluble 
than calcium fluoride. Also copper fluoride 
is more soluble than calcium fluoride and 
yet copper depresses fluorite (Table 3). 
Other data, summarized in Table 3, are 
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except possibly for the lack of depression 


of quartz by calcium ion. 
Taggart and Arbiter state’® that the 
amount of a given cationic collector 
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Fic 12—LAURYLAMINE HYDROCHLORIDE, 25 
MG PER LITER. RELATIONSHIP BETWEEN CHRO- 
MIUM-ION CONCENTRATION AND pH vALUE— 
QUARTZ. TEMPERATURE, 35°C. 


necessary for flotation may be decreased 
sharply by adding to the pulp the anion 
of the mineral. Our results show that 
sodium fluoride does not activate fluorite, 
and may even depress it. In cylinder 
flotation tests the addition of 6 mg of 
laurylamine hydrochloride per liter results 


in agreement with Taggart’s theory, in good flotation at 35°C. According to 


TABLE 3—Effect of Na+, Cut+, Cr*++ on Flotation of Fluorite, Calcite, Quartz, with Lauryl- 
amine Hydrochloride as Collector 


Laurylamine HCl = 25 Mg per Liter 
Mineral naa 
ed A ili 
rea Effect on Flotation Peabo gig arnt 
LOR tes Neier enstan Seve, reverie Nat Depression below pH NaF = 4. Ms 
PLNOLLS wesw te Phe woe on Cut® Depression below PH é. 6 5 oye ee: 
4 CuF>2.2H:20, slightly soluble 
; ie CuP,, insoluble 
PUROPIEG Pu ilo ni wraustaterratate Wael we a Depression below pH 5 CaFz, insoluble 
IONE Nr Memtornnpcstears, o(y aesate Crt++ | No depression Soluble 
Raue Bis SNe iste ip eas a Rice He meprcssjon Naz2COs, 7.1 at 0°C 
RON Oka siysial dia es fauna chads a.6's avete u o depression i 
Calcite Ga Ne et cere Copper carbonate, insoluble (cold) 
Calsipeta vcisiziieshrqawiswa sles Cr*+++* | No depression Chromium carbonate, veryslightly 
_ soluble 
Ouurts cha. rcitatuscoie see Mie Nat No depression Sodium silicates, soluble 
CHiatte itr oe ree mes ore te cele Cu Depression from pH > 13 to pH | Copper silicates, insoluble 
Ir 
Cpe dr Paehes capa ee de No depression Calcium silicates, insoluble 


Depression in both alkaline and | Chromium silicates, insoluble 
acid regions 
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the hypothesis, sodium fluoride in solution 
should give flotation with concentrations 
of laurylamine hydrochloride less than 
6 mg per liter; e.g., 4 mg per liter. How- 
ever, even with 6 mg per liter there is no 
flotation in the presence of 50 mg NaF per 
liter. These tests were made at pH 7.5 
to 8, where sodium ion causes no depression 
(Table 3 and Fig 9) and the collector 
exists as the ion. 

Although the laurylammonium ion is 
cationic and so affected by cations in 
solution, the free base may be affected 
by anions or cations in solution, and so 
anions may affect flotation with lauryl- 
amine above pH 10.6. 


Flotation-machine Tests with Igepon T and 
Aerosols OT and MA 


For all flotation tests, ore from Pine 
Mountain, Victoria, assaying 83 to 89 pct 
fluorite, 8 to 12 pct quartz, about 1 pct 
calcite and small amounts (less than 1 pct) 
of galena and an iron sulphide was used. 
For acid-grade fluorite, the quartz content 
must be reduced below 1 pct. The ore 
was dry-ground to minus 1o-mesh and 
test samples stage-ground in water to 
minus 52-mesh (B.S.S.) in a porcelain 
pebble mill or in a steel ball mill. The 
material was floated in so0-gram samples in 
a soo-gram (3-liter) Denver subaeration 
machine. The mineral was conditioned 
with the collector for one minute before 
floating and no other reagent was added, 
Igepon and Aerosol providing good froths. 
The pulp was kept at 35 + 1°C, and the pH 
of the pulp was checked by the glass 
electrode, the floats being continued 
until the froth was free of mineral. 

The low percentage of calcite in the 
ore (t pct) enabled the pH of the pulp 
to be lowered to 2 by the addition of the 
theoretical amount of acid but the value 
slowly rose during the float, through the 
solution of this calcite, and the value 
after the float was 2.5 to 3. These are the 
pH values meant when it is stated in the 
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text that the mineral was floated at pH 2. 
The results of these tests are represented 
graphically in Figs 14 to 16, and from 
them the following conclusions can be 
drawn: 
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Fic 13—RELATIONSHIP BETWEEN SODIUM 
CETYL SULPHATE CONCENTRATION AND pH 
VALUE—FLUORITE, CALCITE. "TEMPERATURE, 

° 
B5C. 


1. The percentage of quartz floating 
in the concentrate increases markedly 
as the pH value increases (Fig 14). The 
quartz in the concentrate is due partly 
to mechanical carry-over in the froth 
and this will increase with pH value as the 
froth becomes more voluminous. It is 
considered that flotation of quartz is 
due to activation by lead (from galena 
in the ore) or iron (from the ball mill) 
during grinding. During grinding the 
calcite in the ore keeps the pH of the 
pulp above 5, but it has been found that 
iron activates quartz during grinding 
in a pulp with a pH as high as 10.8 Lead 
and iron activation will be partly removed 
at low pH values by competition with 
hydrogen ion, the deactivation being 
greatest at the lowest pH value, and 
so the amount of activated quartz floating 
is a minimum at low pH values. 

2. The recovery of fluorite also increases 
with pH value (Fig 14). The results 
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given are for rougher floats only. The 
recovery of fluorite with Aerosol OT is 
above 85 pct at pH 2 and so cannot increase 
appreciably. The recovery with Igepon T 
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THE FLOTATION OF FLUORITE 


4. Both the percentage of quartz in the 
concentrate and the percentage of fluorite 
floating in the rougher float increase with 
temperature increase from 15° to 35°C 
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Fic 14—AErosOL OT, 25 MG PER LITER; IGEPON T, 25 MG PER LITER; RELATIONSHIP BETWEEN 
PH VALUE AND PERCENTAGE DISTRIBUTION OF FLUORITE AND PERCENTAGE OF SILICA IN CON- 


CENTRATE. 


One minute conditioning, 35°C, pH 2. 
Aerosol OT, full line: Igepon T, dashed line. 
Dot indicates percentage SiOz; cross, percentage distribution CaFs. 


is much poorer throughout, but an increase 
in the amount of Igepon used helps the 
recovery (Fig 15). The results again are for 
rougher floats only. 

3. The amount of quartz floating also 
increases with increase in Igepon con- 
centration (Fig 15). 
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Fic 15—RELATIONSHIP BETWEEN IGEPON T 
CONCENTRATION AND PERCENTAGE DISTRIBU- 
TION OF FLUORITE AND PERCENTAGE OF SILICA 
IN CONCENTRATE. 

One minute conditioning, 35°C, pH 2. Dot 
indicates percentage SiOz; cross, percentage 
distribution CaF». 


(Fig 16). Higher temperatures have not 
been investigated and the optimum tem- 
perature seems to be 30° to 35°C. 

5. Aerosol OT is a much better collector 
for fluorite than is Igepon T. Although 
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Fic 16—Icrrpon T, 50 MG PER LITER; 


AEROSOL OT, 25 MG PER LITER. RELATIONSHIP 
BETWEEN TEMPERATURE AND PERCENTAGE DIS- 
TRIBUTION OF FLUORITE AND PERCENTAGE OF 
SILICA IN CONCENTRATE. 

One minute conditioning, pH 2. 

Aerosol OT, full line; Igepon T, dashed line. 

Dot indicates percentage SiOz; cross, per- 
centage distribution CaF». 
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the amount of quartz floating is slightly 
higher with Aerosol, this can be satis- 
factorily reduced in subsequent cleaner 
floats. Tests with Aerosol MA gave results 
very similar to those with Aerosol OT. 

6. Variations in conditioning time were 
also investigated. An increase in con- 
ditioning time resulted in an increase in 
fluorite recovery and in the percentage of 
quartz floating. 

By subjecting the rougher concentrates 
to cleaning, the quartz content was 
reduced to less than 1 pct, but the recovery 
was poor. The results in Table 4 were 
obtained by refloating rougher concen- 
trates without return of cleaner tailings. 
Under operating conditions over-all re- 
coveries would be much higher. 
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at lower collector concentrations it is 
affected as the ionic concentrations are 
increased by addition of acid or alkali. 
That there is an adsorbed film on the 
mineral when flotation ceases in solution 
is shown by removing the mineral into 
water of the same pH value as the solution 
when excellent flotation or air-bubble 
contact is obtained from pH values of 
1 to 12. Calcite shows no cessation of 
flotation at 175 mg per liter (Fig 13). 

If an anionic collector reacts with a 
mineral according to Taggart’s equation 


MX + V*R-— MR7+.Y* + Xe 


the compound formed at the mineral 
surface with sodium cetyl sulphate should 
be the same for calcite and fluorite; viz., 


TaBLEe 4—Flotation of Fluorite with Igepon T and Aerosol OT as Collectors at 3 Ge 


Product, SiOz in CaF: in Distn. 

Reagent pH of Pulp Concentrates | Conc., Pct | Conc., Pct | CaF2, Pct 
Igepon T, 0.6 1b per ton........-....-- 2.0-2.5 Rougher 2.00 97.7 86.5 
2.0-2.2 Cleaner 0.87 98.9 58.2 
Igepon T, 1.2 lb per ton...........-.+.: 2.0-2.4 Rougher 2.16 95-7 88.1 
2.0-2.2 Cleaner 0.76 97.5 51.4 
Aerosol OT, 0.3 lb per ton...........-- 2.0-2.6 Rougher 2.48 904.7 92.4 
2.0-2.3 Cleaner 0.55 97.4 47.4 

A eee Sa a 


Typical results with Aerosol OT and 
Igepon T are given in Table 4 for floats 
Bias: 


Sodium Cetyl Sulphate 


Sodium cetyl sulphate in solution yields 
the anion CisHssSQ., which is the col- 
lector. It is adsorbed on fluorite and com- 
petes with the fluoride ions for a place 
in the surface of the lattice. Hence fluoride 
ions would be expected to have a depres- 
sant effect and calcium ions an activating 
effect, which is the reverse of what happens 
when the collector is cationic. Fig 13 
shows the behavior of fluorite and calcite 
with sodium cetyl sulphate as collector. 
The reagent is not a collector for quartz. 


Flotation of fluorite ceases over the entire. 


pH range when the sodium cetyl sulphate 
concentration reaches 175 mg per liter and 


calcium cetyl sulphate; and one must 
conclude that the flotation behavior of 
both minerals and, indeed, all calcium 
minerals with anionic collectors, should 
be closely related. However, the flotation 
behaviors of fluorite and calcite often differ 
appreciably, as shown by Fig 3 and by 
the fact that the Aerosols do not float 
calcite but float fluorite well (Figs 1 and 2). 


Tests IN FLOTATION MACHINE 


Laboratory tests having given promising 
results, the work with Pine Mountain 
fluorite was extended to flotation tests in a 
soo-gram Denver subaeration machine 
and then in a similar 2000-gram machine. 
The ore was stage-ground in water to 
minus 52-mesh (B.S.S.) in a porcelain 
pebble mill or a steel mill containing 
flints. 
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The floats were done under the following 
conditions: 
1. Pure sodium cetyl sulphate as col- 
lector: 
a. Ore ground in porcelain ball mill, 
floated in 500-gram cell. 
b. Ore ground in porcelain mill, floated 
in 2000-gram cell. 
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Fic 17—SODIUM CETYL SULPHATE, 25 MG 
PER LITER (0.25 LB PER TON). RELATIONSHIP 
BETWEEN pH VALUE AND PERCENTAGE DIS- 
TRIBUTION OF FLUORITE AND PERCENTAGE OF 
SILICA IN CONCENTRATE. 

One minute conditioning, 35°C. : 

Rougher float, full line; cleaner, dashed line. 

Dot indicates percentage SiO2; cross, per- 
centage distribution CaF». 

Results from corresponding rougher and 
cleaner floats given same number. 
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c. Ore ground in steel mill, floated in 
2000-gram cell. 
2. Commercial sodium cetyl sulphate 
as collector: 
a. Ore ground in steel or porcelain mill, 
floated in 500-gram cell. 
b. Ore ground in steel mill, floated in 
2000-gram cell. 
| The ore was conditioned with the col- 
lector in the flotation machine prior to the 
rougher float, and the rougher concentrate 
was repulped with water for the cleaner 
float, with the addition of acid (H2SOs) 
or alkali (NaOH) to adjust the pH value. 
The floats were all batch, with no return 
of flotation liquor or cleaner tailings. 
From the floats with pure reagent can 
be seen the effect of pH value (Fig 17) and 
temperature (Fig 18) of the pulp on the 
percentage quartz and the percentage 
distribution of fluorite in the concentrate. 
Corresponding rougher and cleaner con- 
centrates are denoted by the same number. 
The recovery of fluorite increases with 
pH value of the pulp (Fig 17), although 
the recoveries are good with 25 mg of 
sodium cetyl sulphate per liter (0.25 lb 
per ton) as collector, even at pH 2. In 


the cleaner float the recovery is also 
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Fic 18—SopIum CETYL SULPHATE, 25 MG PER LITER. RELATIONSHIP BETWEEN TEMPERATURE AND 
PERCENTAGE DISTRIBUTION OF FLUORITE AND PERCENTAGE OF SILICA IN CONCENTRATE. 


One minute conditioning pH 2. 


Rougher float, full line: cleaner, dashed line. 
Dot indicates percentage SiO»; cross, percentage distribution CaF». 
Results from corresponding rougher and cleaner floats given same number. 
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slightly less at lower pH values, although 
the collector film is already on the mineral. 

The percentage of quartz in the con- 
centrate also increases markedly with pH 
value, particularly in the rougher floats, 
probably because the activation of quartz 
is less at low pH values. 

Increase in temperature from room 
(16°C) to 65°C (Fig 18) increases the 
recovery of fluorite: this effect is more 
marked in the cleaner float. The per- 
centage of quartz in the concentrate is 
not greatly affected by temperature. 
(An apparent exception—No. 1, Table 8— 
probably is due to the unusually high 
percentage of quartz in the head sample.) 

Sodium cetyl sulphate 50 mg _ per 
liter (0.5 lb per ton) gives excellent re- 
coveries of fluorite in the cleaner con- 
centrate, but also floats more quartz. 
Table 5 compares the results with 10, 
25 and 50 mg per liter at 35°C. 

Two commercial products containing 
approximately 16 pct sodium cetyl sulphate 
were used as collectors. They were poor 
substitutes for the pure material, mainly 
because recoveries were poorer, even 
when amounts were used to give true 
concentrations of 25 mg of sodium cetyl 
sulphate per liter or more. One major 
impurity, sodium sulphate, had no detri- 
mental effect on flotation of fluorite by pure 
sodium cetyl sulphate. Fig 19 shows 


typical results obtained with one of these 
reagents. 
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Conclusions 


From the point of view of obtaining 
from Pine Mountain fluorite ore a fluorite 
concentrate containing less than 1 pct of 
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Fic 19 RELATIONSHIP BETWEEN REAGENT B 
CONCENTRATION AND PERCENTAGE DISTRIBU- 
TION OF FLUORITE AND PERCENTAGE OF SILICA 
IN CONCENTRATE. 

Natural pH (6-7), 35°C. One minute con- 
ditioning. 

Rougher float, full line; cleaner, dashed line. 

Dot indicates percentage SiO2; cross, per- 
centage distribution CaF». 

Results from corresponding rougher and 
cleaner floats given’ same number. 


quartz and with reasonable recoveries of 
fluorite, the following facts emerge from 
the data so far presented: 

1. Of the anionic reagents investigated 
sodium cetyl sulphate is the best collector, 
with Aerosols OT or MA better than 


Igepon T. 


Taste s—Flotation of Fluorite by Sodium Cetyl Sulphate 


Concentrated Sodium Pooduct: ( Ansa Seo ( ence Shee 
al aaa ate eee Concentrate Pct Pct Pct Pct 
95.8 14.8 2.33 2.4 
aoe aa es 94.6 96.8 2.70 29.3 
ae a Cleaner 96.4 84.0 0.85 7.8 
her 93-7 98.5 3-35 33.0 
2- 25 Roug 
: Cleaner 96.1 79.8 yee ae 
Rougher 95-5 Oe 5 5 
Pas ee Reiss 96.3 96.8 1.35 ee 
7-8 10 Rougher 91.6 58.1 7.53 32.7 
natural pH of pulp) : 5 aes 
Y 7-8 25 Rougher 90.4 99 : 1-09 oom 
(nat.) Cleaner 95.9 9. > : 
nee 50 Rougher 88.3 09.7 8.63 4-9 
fe WiGleaner ale 93'3, Le PSS Pitt Oe Lay SUF i 
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2. The two commercial sodium cetyl 
sulphate samples used are poor sub- 
stitutes for the pure reagent. 

3. With sodium cetyl sulphate the 
optimum pH value for flotation is 2 to 5, 
preferably 2 to 3 to keep quartz down. 

4. With sodium cetyl sulphate the 
optimum temperature for flotation is 


THE FLOTATION OF FLUORITE 


by the method of Auerbach! as modified 
by Rogers et al.1® 

The fluorite was hand-picked material 
from Chillagoe, Queensland, containing 
96 pct fluorite. It was wet-ground in a 
porcelain mill to obtain a minus 325-mesh 
(Tyler) fraction. The method was as 
follows: 


above 30°C, 30° to 40° being satisfactory. A measured volume of the fluorite 
TABLE 6—Flotation of Fluorite by Sodium Cetyl Sulphate 
rT nn nna 
Temper- CaF sio SiO: 
pH ature, | Producte CaPs, asec eg Distn., 
Collector Value Deg C Pct fd Pct Pct 
Pure sodium cetyl sulphate, | 2-2.5 16 Cleaner c. 6 96.6 57.2 0.86 3-3 
a5 mg per liter Cleaner t. -4 89.8 35-9 8 09 20.4 
Rougher c. -0 93.9 93.1 3.77 23.7 
Rougher t. me) 33.8 6.9 soi8 76.3 
Head 0 83.6 100.0 13.2 100.0 
Pure sodium cetyl sulphate, 25] 2-3 35 Cleaner c. 8] 96.4 84.0 0.85 78 
mg per liter Cleaner t. 4 84.2 12.8 13.4 21.5 
Rougher c. cs 94.6 96.8 2.70 29.3 
Rougher t. 8 29.0 Sig 59.9 70.7 
Head .0 88.1 100.0 8.31 | 100.0 
Pure sodium cetyl sulphate, 25] 2-3 44 Cleaner c. 7 96.1 79.9 0.73 6.47 
mg per liter Cleaner t. 2 84.6 Tos 1372 31.0 
Rougher c. 9 93.6 98.6 3.36 37-4 
Rougher t. I 13.8 1.4 56.2 62.6 
Head t) 86.4 100.0 -17 | 100.0 
Pure sodium cetyl sulphate, 25 | 2-2.5 64 Cleaner c. 8 06.5 93.0 0.90 6.9 
mg per liter Cleaner t. 6 60.5 3.7 26.3 T Lex 
Rougher c. 4 OScE 96.7 2.24 18.0 
Rougher t. 6 22.8 3.3 70.9 82.0 
Head te) 86.0 100.0 10.9 100.0 
Sodium cetyl] sulphate, com-] 2-2.5 36 Cleaner c. 3 06.5 83.2 0.91 7.8 
mercial A = 1000 mg per Cleaner t. I 81.3 2.8 13.9 4.9 
liter Rougher c. 4 95.9 86.0 1.42 12.7 
Rougher t. 6 60.0 14.0 37-3 87.3 
Head te) 88.5 100.0 8.80 | 100.0 
Sodium cetyl sulphate, com- 5-6 35 Cleaner c. I 07.3 60.3 0.80 5.0 
mercial B = 100 mg per liter Cleaner t. 7 03.1 18.5 4.85 9.8 
Rougher c. 8 96.3 78.8 1.79 14.8 
Rougher t. 2 60.4 21.2 27.4 85.2 
Head ° 89.0 100.0 8.75 | 100.0 
Commercial B (purified) = | 7.5-8 35 Cleaner c. ° 97.0 81.8 1.45 DE 
100 mg per liter Cleaner t. 0 890.5 V2aa 8.00 9.9 
Rougher c. ts) 96.0 94.0 2.36 21.0 
Rougher t. ° 38.0 .0 54.5 79.0 
Head to) 87.8 100.0 9.66 | £00.0 


* c indicates concentrates; t, tailings, 


Table 6 shows typical results illus- 
trating these conclusions. 


Adsorption of Sodium Cetyl Sulphate 


The adsorption of sodium cetyl sulphate 
on fluorite was determined by titration 
of the residual] cetyl sulphate in solution, 


suspension (5 ml) was shaken in a standard 
flask with a known concentration of cetyl 
sulphate and the flask was kept at 35°C 
for a definite time. The liquid was then 
separated from the fluorite in a centrifuge, 
its pH value was measured and the 
residual cetyl sulphate estimated by titra- 
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tion against cetyl trimethyl ammonium 
bromide.!® The excess cetyl trimethyl am- 
monium bromide reacts with bromphenol 
blue to form a blue compound soluble in 
ethylene dichloride and the color may be 
matched visually against a known blank. 
Filtration of the pulp through filter 
paper or sintered glass is not permissible, 
since both adsorb cetyl sulphate. The 
fluorite after centrifuging was filtered, 
dried and weighed. The concentration 
of the stock solution of sodium cetyl 
sulphate was 0.250 mg per liter, which is 
slightly less than the solubility of the 
compound at 35°C. 

Table 7 shows that adsorption increases 
with time of contact between the mineral 
and cetyl sulphate. 


TABLE 7—Effect on Adsorption and Contact 
Angle of Time of Contact between 
Fluorite and Sodium Cetyl Sulphate 
35°C at natural pH value 6.4 to 6.7. 10 mg 
sodium cetyl] sulphate added for adsorption 
tests, 25 mg per liter sodium cetyl 
sulphate for contact angle 


Residual 
Sodium Cetyl|Sodium Cetyl 
Ti ea Contact | Sulphate Ad-| Sulphate 
Th Ae. ne t Angle, | sorbed, Mg | Conc., Mg 
EOS Deg per Gram per Liter in 
Fluorite Adsorption 
Tests 
5 min 76 2.24 34.0 
Io min 78 
I5 min 2.57 38.0 
20 min. 83 
30 min 85 2.90 35.0 
t hr 86 4.18 36.4 
2hr 86 4.52 35-9 
hr 4.38 35.8 
5 hr 6.25 34.5 


The contact angles that develop under 
similar conditions are also shown. Con- 
stant contact angles are reached in about 
30 min. but adsorption continues for 
several hours. At pH values of 1 and 9 
to 11 (Table 8) adsorption equilibrium is 
reached more quickly, for the amount 
adsorbed in 30 min. at these values is 
close to that adsorbed in 5 hr at a pH 
value of 6.5 (Table 7). 
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To obtain correlation with contact and 
flotation tests, adsorption usually was 
determined after 30 min., although equilib- 
rium may not have been reached. 
Table 8 shows the effect on adsorption 
of the pH value of the pulp. 


TaBLeE 8—Effect of pH Value of Pulp on 
Adsorption of Sodium Cetyl Sulphate 
on Fluorite - 
30 minutes at 35°C 


Sodium |Sodium Cetyl)Sodium Cetyl 
ee Cetyl Sulphate Sulphate 
tne Sulphate | Adsorbed Residual 

Liquid Added, per Gram Cone., Mg 

Mg Fluorite, Mg per Liter 
1 10 5.71 18.8 
1 pas) 5.74 16.0 
2 10 2.87 TOAt 
2 10 2.74 15.0 
(Ne 4/ Io 2.66 20.1 
6.7 10 2.88 1302 
6.7 ba0) 2.86 Tlie 
6.9 bf) 2.79 14.1 
9.6 10 5.63 19.8 
9.4 10 5.91 14.0 
9.1 ae) 5.01 TOL 3 
10.4 Io 5.90 Tag 
10.1 10 5.61 15.6 
II 10 5.59 12.4 
It 10 5.90 13.7 
Ir Io 5.61 15.6 
12 2.5 0.32 15.4 
12 PEK! 0.34 15-3 


From Fig 13 one would expect adsorption 
to be greatest at pH values of 6 to 11 
and to fall rapidly above pH 12 and below 
pH tr. It is therefore surprising that the 
amount adsorbed is so high at pH 1. 
Possibly the added acid hastens adsorption 
and the added alkali has a similar effect 
at high pH values. In neutral solutions 
this greater amount of cetyl sulphate is 
adsorbed only after several hours. 

Fig 13 shows that 175 mg of the col- 
lector per liter is sufficient to prevent 
contact of an air bubble in the collector 
solution. To determine whether this 
cessation of contact corresponds to in- 
creased adsorption, and perhaps to the 
formation of a partial or complete double 
layer, adsorption tests were made in 
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solutions of higher concentrations of cetyl 
sulphate. Table 9 shows that there is 
increased adsorption, although in no 
case was a residual cetyl sulphate con- 


THE FLOTATION OF FLUORITE 


Fig 20 shows the effect of pH value on 
adsorption, contact angle and recovery 
of fluorite in a flotation machine. The 
floats were down with —52-+100-mesh 
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Fic 20—SopIUM CETYL SULPHATE. 35°C. 
Relationship between pH value and: 
1. Percentage distribution of fluorite. 


2. Contact angle. 


3. Milligrams sodium cetyl sulphate adsorbed per gram of fluorite. 
Full line indicates percentage recovery of fluorite; dot and dash line, contact angle; dashed 
line, milligrams sodium cetyl sulphate adsorbed per gram fluorite. 


centration as high as 175 mg per liter 
reached. 


TABLE 9—Effect of Concentration of Sodium 
Cetyl Sulphate Added on Adsorption 


30 minutes at 35°C 


Sodi Sodium Cetyl| Residual 
Cc t Sul Sulphate |Sodium Cetyl 
h . Ada va,| PH Value| Adsorbed, Sulphate 

pun M sh) Mg per Gram| Conc., Mg 
& CaFs per Liter 
10 2 2.80 EROS 
20 2 9.39 58.0 
10 6.7 2.88 T2352 
20 On? 3.52 134 
Io 9.4 5.91 140 
20 9.4 10.4 50.0 


The adsorption at pH 2 is increased 
more than threefold and at pH 9 nearly 
twice, but at the natural pH there is very 
little increase in adsorption when the 
amount of sodium cetyl sulphate added 
is doubled. This curious result may be 
connected with the effect of inorganic 
ions on. adsorption mentioned previously. 


(B.S.S.) fractions of Pine Mountain fluorite, 
obtained from ore that was ground to 
minus 52-mesh, sized and sampled. Each 
sample of 460 grams was floated in a 
5o00-gram (3-liter) Denver machine at 
35°C. Pine oil (20 mg per liter) was first 
added to the pulp and any floating material 
was removed, then 25 mg of pure sodium 
cetyl sulphate per liter was added and the 
pulp conditioned for 2 min. before flotation. 
Each float was continued for 3 min., 
although some were over in a shorter 
time. Samples of the pulp were taken 
at the end of the conditioning period 
and at the end of the float and were 
centrifuged as soon as they were taken, 
and the sodium cetyl sulphate content 
was determined. 

Table to shows the amount of sodium 
cetyl sulphate adsorbed in each test. 
Of the 460-gram sample, approximately 
400 grams was fluorite of particle size 
—52+100-mesh (B.S.S.). It thus has an 
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area perhaps 28 times smaller* than in 
the adsorption tests. Allowing for the 
difference in particle size, the amount of 
adsorption that corresponds to the amount 
determined in the adsorption tests has 
been calculated and is given in column 6 
of Table ro. 
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sulphate is adsorbed per gram of fluorite, 
and that this larger amount is necessary 
for flotation to be as good as with smaller 
amounts within the range 2 to 7. That 
the amount of sodium cetyl sulphate 
adsorbed at pH values of 2 to 7 is sufficient 
for flotation is also borne out by the 


TABLE 10—Amount of Sodium Sulphate Adsorbed in Flotation Tests on Sized M ineral 
23 Mg sodium cetyl sulphate per liter added (75 mg) 


perenne ew poten ORNs oe EE ae ee 


Sodium Cetyl Sulphate in Sodium Cetyl Sulphate SodimeGer 
d ‘ yl Sul- 
Pulp Mg per Liter Adsorbed, Mg phate Adsorbed Under Romer 
jkr rs yo 
pH of Pulp Similar Conditions Tiearite 
Calculated from in Float, Pct 
At End of At End of At End of At End of Adsorption Tests, t AE oe 
Conditioning Float Conditioning Float Mg 
I 0.2 74 75 82 23.4 
2-2.5 0.9 0.2 72 74 39- 45-5 
6.1-6.4 1.9 0.2 69 74 39 54.5 
I10.0-9.0 aS 1.9 67 69 82 30.0 
Li-10.3 3.5 rr. 64 69 82 26.6 
L2=17.. FE 253 rE. 65 71 5 16.3 
13 6.9 6.6 54 55 5h 
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At pH values of 2 to 6, adsorption 
has proceeded further in 2 min. in the 
flotation tests than in 30 min. in the 
adsorption tests, presumably because of 
better agitation. 

Even at the most favorable pH values, 
the recovery of fluorite in Fig 20 does 
not reach 60 pct. An increase in con- 
ditioning period from 2 to 30 min. pro- 
duced no increase in recovery. The sig- 
nificant factor is probably particle size, 
for a sizing analysis of the concentrate 
and tailing of the test with 10 mg of sodium 
cetyl sulphate per liter at a pH value 
of 7 to 8 (Table 5) gave the distribution: 
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Concentrate,| Tailing, 
B.S.S. Pct Pot 
=—52 + 100-mesh.....1..- 19 81 
—100 + 200-mesh........ 31 69 
SAOO-IMESIH  icjeslere as ois ° 8 61 39 


ee 


From Fig 20 it seems that at pH values 
above 7 and below 2 more sodium cetyl 


*The particle size of the fluorite in the 
flotation tests is between 0.295 mm (52-mesh 
B.S.S.) and 0.152 mm (100-mesh B.S.S.) and 
in the adsorption tests is less than 0.044 mm 
(325-mesh Tyler). Hence the surface area in 


contact-angle curve, in which the contact 
angle is a maximum over this pH range. 


Summary 

The flotation of fluorite and the gangue 
minerals calcite and quartz by various 
types of collectors has been investigated. 
Some of these reagents, in particular 
sodium cetyl sulphate, may be worthy 
of attention as alternatives to oleic acid 
for floating fluorite; for this reason tests 
with commercial samples of sodium cetyl 
sulphate were made. The major advantage 
in the use of sodium cetyl sulphate instead 
of oleic acid would be that considerably 
lower temperatures could be used. 

Table 13 summarizes the flotation 
behavior of fluorite, calcite and quartz 
with the collectors investigated. 

Fluorite and calcite are floated by 
both anionic and cationic collectors and 
quartz only by cationic ones. 


the flotation tests is 3.4 to 6.6 (average 5) 
times smaller than in the adsorption tests. 
Actually all the material in the adsorption tests 
passes 325-mesh. Thus the true conversion 
factor must be considerably greater than 5. 
Assuming it to be 28, there is reasonable 
agreement between the adsorption and flota- 
tion tests (Table 10). 
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Successful separations of fluorite from 
quartz have been obtained with sodium 
cetyl sulphate as collector at low pH 
values. 


TABLE 13.—Flotation of Fluorite, Calcite 


and Quartz 
Reagent Fluorite Calcite Quartz 

Aerosol OT....| Flotation| No flotation] No flotation 
Aerosol MA...| Flotation] No flotation] No flotation 
{gepon -T...<.. Flotation| Flotation No flotation 
Ninol 737..... Flotation| Flotation Flotation 
Sapamine M. S.| Flotation} No flotation} Flotation 
Cetyl trimethyl 

ammonium 

bromide..... Flotation| No flotation] Flotation 
Cetylamine hy- 

drochloride. .| Flotation] Flotation Flotation 
Laurylamine 

hydrochloride] Flotation | Flotation Flotation 
Sodium cetyl 

sulphate..... Flotation | Flotation No flotation 


The amount of sodium cetyl sulphate 
adsorbed on fluorite has been measured 
under different conditions of temperature, 
pH value and time. 
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The Application of Xanthates to Flotation 


By Norman WEtss,* MremBer AIME 
(New York Meeting, March 1947) 


Most papers on xanthate have dealt 
with principles rather than practice. 
On the assumption that many millmen are 
interested in knowing where and in what 
manner the xanthates are being used in 
mills other than their own, this paper will 
summarize the results of a recent survey 
of North American plants. A brief back- 
ground story and a description of the 
xanthates will be followed with the 
results of that survey; then a few observa- 
tions will be made on storage, feeding, 
and ore testing. 

The first xanthate was made in 1822 
by Zeise of the University of Copenhagen. 
With commendable scientific detachment 
(or perhaps a bad cold) Zeise ignored a 
more pervading quality of the substance 
and named it for its color, after the Greek 
word ‘‘xanthos,” meaning yellow. During 
the first 80 years of its recorded existence 
xanthate found use only in small quantity 
as an insecticide; after the turn of the 
century there was some further demand 
for it in the vulcanization of rubber. 
It was not until 1922, by coincidence the 
centennial of Zeise’s discovery, that C. H. 
Keller of San Francisco, seeking sul- 
phidizing agents, recalled xanthate in 
connection with his experience years 
earlier when he had seen this material 
used in Europe to combat grape phylloxera. 
His successful tests with the new flotation 
reagent culminated in the basic xanthate 
patent (U. S. 1,554,216) in 1925. 


Manuscript received at the office of the 
‘Institute November 18, 1946. Issued as TP 2213 
in MINING TECHNOLOGY September 1947. 

* Metallurgical Engineer, Great Western 
Division, Dow Chemical Co., San Francisco, 
California. 


In the minds of many metallurgists 
the introduction of xanthate as a flotation 
reagent is identified with the beginnings 
of alkaline circuits, the first use of chemical 
collectors, and the beginning of selective 
flotation. Actually, these preceded xanthate 
by a number of years. The alkaline circuit 
in lead-zinc flotation was introduced by 
Lyster as early as 1912. In 1922 Sheridan 
and Griswold made their momentous 
discovery (Timber Butte) that alkali 
cyanides and zinc sulphate effectively 
inhibited the flotation of pyrite and 
sphalerite in pulps made alkaline with 
sodium carbonate or bicarbonate. The use 
of lime to retard pyrite in copper flotation 
began within two years after Ralston 
directed attention to its possibilities in 1917. 

These were the beginnings of modern 
selective flotation, which was practiced 
successfully on copper-iron ores at Nacozari 
in 1922, and at Inspiration, Cananea, and 
others only shortly afterward. In the 
lead-zinc mills, selective flotation was of 
even greater economic importance at 
that time. The Sunnyside plant of U. S. 
Smelting, Refining, and Mining Co. used 
the process earlier than 1920, and Con- 
solidated, Timber Butte, and others soon 
followed. 

As a chemical collector xanthate was 
relatively a latecomer, for the Corliss 
patent of 1917 covered the first of these, 
alpha-naphthylamine, and _ the Perkins 
patent of 1919 the second, thiocarbanilid. 
Both of these were in extensive use before 
Keller’s xanthate made its commercial 
debut in 1923. 

There is general agreement, nonetheless, 
that the introduction of xanthate was 
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momentous and opportune, for as an 
adjunct to the other important develop- 
ments of that ‘‘golden age of flotation” 
it frequently supplanted frustration with 
success. Those who struggled with selective 
flotation during its infancy will recall 
the skepticism and then the profound 
relief with which the first of the xanthates 
was welcomed. Welcomed they were 
indeed, for in a very short time the xan- 
thates attained prominence as collectors 
for the sulphide minerals, for some of the 


THE APPLICATION OF XANTHATES TO FLOTATION 


reagents are specifically the reaction 
products of carbon disulphide, an ali- 
phatic alcohol, and either caustic soda 
or potash. The general formula is ROCSSM, 
in which R stands for an alkyl hydro- 
carbon radical and M for an alkali metal. 
Many xanthates have been compounded 
on the basis of this reaction, some of them 
only laboratory curiosities, others possess- 
ing desirable qualities in varying degree, 
but eventually the number of alcohols 
(including their homologues) was nar- 


TABLE 1—The Commercial X anthates 


Sodium sec-butyl 


Molecular | Number of 

Xanthate Common Name Formula Weight Carbons¢ 
POtassi7iM CAV. ied oc Moots whale a tatin Potassium xanthate | CoHsOCS2K 160.3 2 
Sodiumreth yi agy.see cae els eiee ccwottae Sodium xanthate C2zHsOCS:Na 144.2 2 
Potassium asopropy]l san, iene tyotiewietn Isopropyl xanthate | CsH;OCS2K 174.3 3 
HOGIUM ASOPLOPY ls a cete aie dans ere sic hetet- Isopropyl xanthate | CsHz;0CS2Na 158.2 3 
Potassium’ sec-buty lois «eons 2 oes Butyl xanthate CsHsOCS2K 188.3 4 
a ea oy ae ee Cee Butyl xanthate CsHsOCS2Na 172.2 4 
Potassiiminmy lai. selts cutcekies lek Amy] xanthate (C2Hs)2»CHOCS2K 202.3 5 
Potassium pentasol...................] Pentasol xanthate CsHi10CS2K 202.3 5 


2 Number of carbon atoms in the alkyl group. 


oxidized minerals of copper and lead, 
for such elemental metals as gold, silver, 
copper, and such nonmetals as graphite 
and sulphur. While this accomplishment 
was of prime importance there was also 
a secondary role for the new reagent; to 
the research scientists who sought a 
complete theory of flotation it afforded 
a precise and convenient tool. Conse- 
quently, in much of the valuable work 
on the theory of flotation that has been 
published during the past 20 years xanthate 
collectors have been employed, _prin- 
cipally because they are specifically suited 
to the control and measurement required 
in such investigations, but also because 
their wide use has made them a logical 
standard of comparison. 


DESCRIPTION OF THE XANTHATES 


Xanthates are alkyl sulphur derivatives 
of carbonic acid, known as_ dithiocar- 
bonates. Strictly, a xanthate is any salt 
of xanthic acid, but the xanthate flotation 


rowed to four: the ethyl, isopropyl, butyl, 
and amyl. 

The first xanthate on the market, the 
potassium ethyl xanthate initially used 
at Anaconda, was a relatively pure material 
but its manufacturing process resulted 
in a mother-liquor by-product. Improve- 
ments in the methods of manufacture 
soon resulted in the elimination of this 
by-product and a dry material of high 
purity and stability was produced. Then 
followed the sodium ethyl xanthate, a 
number of potassium amyl xanthates, 
several butyl and isopropyl xanthates, 
and finally a hexyl xanthate. The last 
was discontinued after only a short period 
of manufacture. At present only the eight 
xanthates listed in Table 1 are available 
in commercial quantities. The number of 
carbon atoms in the alcohol radical, 
shown in the last column of the tabulation, 
is sometimes considered a yardstick of 
collector power; for this reason the xan- 
thates (and other collectors too) are 
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often thus designated, the ethyl xanthates 
being known as Ce, the butyl as Ca, etc. In 
later discussion these symbols will be used. 
Attention is directed to the fact that Table 
t does not include all xanthate reagents. 

The commercial xanthates are yellow 
to yellowish gray powders or pellets, 
completely and readily soluble in water, 
and possessing a characteristic odor owing 
to the presence of very minute amounts of 
mercaptans. They are noncorrosive, stable, 
uniform, and of relatively high purity. 
As regards their qualities as flotation 
reagents they are substantially non- 
frothing and quick-acting, the former 
being highly desirable because frothing 
and collecting are important functions 
that require separate control in accordance 
with individual ore requirements and 
periodical variations in the circuit, the 
latter because xanthate quickly diffuses 
through the liquid phase and thus becomes 
immediately effective without recourse 
to pumps, conditioners, or emulsifiers. 
Further, since froth “flocculation” is 
often considered a special attribute of 
the xanthates, a word on that subject is 
indicated. 


FLOCCULATION 


When a heavily-laden froth is broken 
down by a spray of water the mineral par- 
ticles appear to cling together and many 
observers have assumed this ‘‘flocculation”’ 
to be an indication and even a requisite 
of good flotation. This belief is only partly 
substantiated by the facts. There is but one 
essential condition that must exist in an 
ore pulp before flotation can take place: 
air-mineral contact. When such contact is 
obtained through the use of the proper col- 
lector a froth will form rapidly, and the de- 
sired minerals will be found in flocs that 
consist of mineral particles and minute air 
bubbles. It is not mutual attraction be- 
tween mineral particles which causes the 
formation of such flocs, but adhesion be- 
tween bubbles and mineral. 

Xanthates, by quickly changing the 
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surface of the desired mineral particles to 
render them water-repellent, produce the 
essential condition for flotation in a mini- 
mum of time. For this reason froth floccula- 
tion is often considered characteristic of 
xanthate collectors. The advantages of 
rapid flotation may be projected into the 
design and operation of a mill, as several 
writers have indicated. 

The idea that the desired reactions in 
flotation take place quickly has been 
offered by Myers and Lewis! and by Rose,” 
who point out that undesirable complica- 
tions may result from dragging out the 
operation; for example, calcium sulphate 
deposition, slime activation, slime-coat- 
ings, and generation of harmful salts and 
that the correct application of power in 
flotation machines would counteract this 
tendency. In this I concur, but I believe 
that the choice of collector is of equal 
importance. Xanthate is a fast worker, 
consequently its use helps to reduce 
capital investment, operating costs, and 
other expenditures which Rose calls the 
“hidden taxes.” Furthermore, froth pro- 
duced under the favorable conditions 
described in the preceding paragraph is 
readily dewatered. In mills where the 
moisture content of the filtered concentrate 
is extremely critical because of the methods 
of transportation, sampling, or feeding at 
the smelter, the use of a xanthate col- 
lector is often conducive to minimum 
difficulty. Mill tests have demonstrated 
that the moisture content of flotation 
concentrate after filtering varied with 
the type of collector reagent, and that 
xanthates were found to produce the 
driest cake. 


APPLICATIONS 


Generalizations are not looked upon 
with favor by the hard-bitten millman 
unless they are supported by actual per- 
formance data. For this section of the 
paper, therefore, statistical data covering 
the use of flotation collectors (and other 


1 References are at the end of the paper. 
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relevant matter) in practically all of the 
sulphide ore-flotation mills of over 100 tons 
daily throughput in North America were 
tabulated and analyzed. These will be 
discussed here under the heads, Differential 
Lead-zinc Ores (61 mills), Copper (32), 
Differential Copper-zinc (8), Straight Lead 
and Zinc (13 and the Tri-State), Gold 
(22), and Miscellaneous (6). A few omis- 
‘sions occur, resulting from the lack of 
authentic information, but the data are 
substantially factual and complete. 


THE APPLICATION OF XANTHATES TO FLOTATION 


the principal zinc collector (84 pct of the 
tonnage). All mills larger than 1000 tons 
use xanthate as the principal collector 
in one or both circuits. 

Of the 39 mills that use xanthate as the 
principal collector in the lead circuit, 16 
employ smaller quantities of a secondary 
collector. In the zinc circuits, however, 
only 5 out of 48 mills that use xanthate 
as the principal collector supplement it 
with another collector. Generally, xanthate 
alone appears to do such a complete job 


TABLE 2—Flotation Collectors in Differential Lead-zinc Mills 


Mills Using Xanthate as Principal Collector 


Mills not Using 


Size of Mill All Mills Pet dt yee 
Tons per Day Reported ; rincipal Vol- 
Both Lead Zinc Total | Total | Total | lector in Either 
Circuits | Only Only | Lead Zinc | Either Circuit 
Number of mills: 
Over 2,000.56 555 Mik: 3 2 I 3 2 3 
T2000) 0°2,000%,.0c144+ 5 5 4 I 4 5 5 
500 t0°% 000 i.e ces sre 16 8 3 2 II Io 13 3 
TOO tO Me SOG 2. nas cles 33 20 I II 2I 31 32 I 
obaliall, crops yiecaci- © ste 57 34 5 x 39 48 53 4 
Percentage of all mills...... 59.6 8.8 24.6 68.4 84.2 93.0 7.0 
Tons per day: 
Over 2,000%. 55 ccc. cane, 13,000 II,000 | 2,000 I3,000 | II,000 | 13,000 
£;000'40'2,000) sc.¢c1s. 6,550 5,550 1,000 5,550} 6,550} 6,550 
BOO £0) F000 <.s.c:6 » cist. Mea tO, 580 5,750 1,980 1,250 7,730 7,000 8,980 1,600 
TOO £0: FOO Waa ee cil 7,990 5,000 160 | 2,486 5,160| 7,480] 7,640 350 
shotal all groups. ..'. aes +s 38,120 27,300 | 4,140 | 4,730 | 31,440] 32,030] 36,170 1,950 
Percentage of total tons.... 71.6 10.9 12.4 82.5 84.0 |4.94.9 5.1 


Data from 57 millsin North America with daily rate exceeding 100 tons of flotation feed. 


DIFFERENTIAL LEAD-zINc MILLS 


Sixty-one mills are included under this 
heading; 57 of these use the differential 
process of floating a lead concentrate 
first and then a zinc product, while the 
other four float a bulk concentrate of all 
sulphides, following with differential separa- 
tion of this concentrate. The main group 
will be discussed first. Of these 57 mills, 
53 use xanthate as the principal collector 
in one or the other circuit or both and mill 
95 pct of the lead-zinc ore now treated by 
this process in North America (Table 2). 
In 60 pct of the mills (72 pct of the ton- 
nage) xanthate is the principal collector 
in both circuits; in 68 pct of the mills it is 
the principal lead collector (82 pct of the 
tonnage); in 84 pct of the mills it is 


in collecting zinc after lead flotation that 
when a secondary collector is used at all 
it is more in the billet of a frother than 
collector. This assumption is supported 
by the fact that in.three mills where 
xanthate is complemented by a second 
collector no other frothing agent is used. 

It is perhaps advisable to clarify the 
term “‘principal collector.” In these data 
we have considered xanthate the primary 
collector only when it is used in greater 
quantity than any other collector in the 
circuit and in most cases more than the 
total of all others. 


In Table 1 is noted the C value of each — 


xanthate. In view of the generally ac- 
cepted hypothesis that the tendency 
of a xanthate to be adsorbed on a mineral] 
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surface increases with the size of the alkyl 
group, and the corollary that collecting 
power increases from ethyl (C2) to amyl 
(Cs), it is interesting to note below that 
most millmen prefer the C2 xanthate in 
both lead and zine circuits. 

Of 39 mills using xanthate as principal 
collector in the Jead circuit: 


Ethyl xanthates are used in 19 mills (48.7 pct) 
Mixtures ethyl and amyl or 

pentasol are used in..... 6 mills (15.4 pct) 
Butyl xanthates are used in 6 mills (15.4 pct) 
Amy] or pentasol xanthates , 


PATELUSEG: IN, wale sre ee le 5 mills (12.8 pct) 
Isoprophyl xanthates are 
TISECMITI, AH ase ore diel Sc 3 mills ( 7.7 pct) 


Of 48 mills using xanthate as primary 
collector in the zinc circuit: 


Ethyl xanthates are used in 31 mills (64.6 pet) 
Butyl xanthates are used in 6 mills (12.5 pet) 
Mixtures ethyl and amy] or 

pentasol are used in..... 
Amy] or pentasol xanthates 


5 mills (10.4 pct) 


ATEUSEGOI ch ocges's ees 5 mills (10.4 pct) 
Isopropyl xanthates are 
TSG alk eee, Si Resa 1 mill ( 2.1 pct) 


One striking fact not brought out in 
this summary concerns the choice between 
the equally priced and equally stable 
sodium and potassium ethyl xanthates. 
The advantage commonly (and not un- 
justifiably) claimed for the sodium salt 
is its higher content of xanthogen radical, 
but despite the economy that should 


thus result from using the sodium salt, 


14 of the 19 users of ethyl xanthate in 
lead flotation, and 27 out of 31 users in 
zinc flotation, prefer the potassium salt. 
It is advisable, therefore, to consider the 
two alkali salts of any xanthate in the 
light of distinct reagents; in addition to 
the difference in xanthogen content, they 
appear to possess individual characteristics 
that entitle them to such consideration. 

A study of the conditions under which 
C, and C, xanthates, or mixtures of Ce 
and C;, are being used in lead circuits 


149 


indicates that they are preferred when 
precious metals or copper are present in 
the crude ore, or when oxidation has so 
altered the relative responsiveness of 
galena, sphalerite, and pyrite that a 
higher alkalinity is necessary for their 
separation. The preference for Cs xan- 
thates confirms the findings of Wark and 
Cox,’ that amyl xanthate can be used in a 
higher alkalinity than ethyl, thus leading 
to a saving by the use of lime in place of 
soda and also increasing the efficacy of 
cyanide in the depression of pyrite and 
sphalerite. Cyanide is an expensive re- 
agent and only the part of it that ionizes 
is effective in flotation; it can be shown 
that the number of cyanogen ions obtained 
from a fixed addition of cyanide increases 
threefold with each increase of 0.5 in the 
pH of the solution between pH 7.0 and 
9.0. Practical millmen take advantage of 
this fact, for when they use the Cy and 
C; xanthates in differential lead circuits 
they are found to prefer lime to sodium 
carbonate, while with C2 xanthates sodium 
carbonate is used in three mills out of 
four. 

In the zinc circuit the preference for 
the higher-alcohol xanthates is less marked 
than in the lead, again confirming Wark 
and Cox,’ who found amyl xanthate not 
so effective as ethyl xanthate in separating 
sphalerite from pyrite except at high 
alkalinity. Nevertheless, mixtures of Ce 
and Cy, xanthates have been found advan- 
tageous even at low alkalinities. 

Since the successful application of 
collectors in differential flotation depends 
upon correct use of the inorganic con- 
ditioning agents, a few facts on general 
practice may be of value. As a pH modifier 
sodium carbonate is used in 26 lead cir- 
cuits and 1 zinc circuit, while lime is used 
in 9 lead circuits and 41 zinc circuits. 
Neither soda nor lime is used in 22 lead 
sections or 15 zinc. As regards depressing 
agents, a summary of the 57 mills 
indicates: 
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30 mills use cyanide and zinc sulphate 
(20 with soda and 3 with lime) 
11 mills use cyanide, zinc sulphate, and sodium 
sulphite 
(3 with soda and 2 with lime) 
6 mills use cyanide alone 
(2 with soda and 3 with lime) 
4 mills use zinc sulphate alone 
(2 with soda) 
1 mill uses zinc sulphate and sodium sulphite 
5 mills use no depressants (or information is 
incomplete). 


It is significant that in 10 of the 12 mills 
using sodium sulphite copper occurs in 
the ore in economic quantity, and in 
several of these gold is also a contributing 
factor. There are four general conditions 
under which cyanide and zinc sulphate 
may not, by themselves, be effective in 
depressing sphalerite and pyrite from the 
lead froth, making necessary the use of 
sodium sulphite to take the place of all or 
part of the cyanide: 

1. When the water or the ore contains 
salts of copper or iron the beneficial 
effect of cyanide may be destroyed or 
seriously impaired unless a large excess is 
used. 

2. When the ore contains considerable 
copper in cyanide-soluble form the use of 
cyanide may cause activation of sphalerite 
and pyrite rather than depression. Also, 
some ores through oxidation form ferric 
sulphate and sulphuric acid during the 
grinding stage, and these may cause solu- 
tion of some sulphide copper minerals, 
thus activating the zinc beyond the power 
of a reasonable amount of cyanide to 
counteract it. 

3. In some lead-zinc ores chalcopyrite 
(or tetrahedrite) is particularly sensitive 
to the depressing action of cyanide, and 
the use of even a small quantity will result 
in loss of copper. 

4. In lead-zinc ores containing gold 
the optimum use of cyanide for flotation 
purposes may cause solution of gold, 
and consequent loss. 
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In these cases the substitution of sodium 
sulphite for cyanide, either wholly or in 
part, is often found advantageous. 

All of the 57 mills use copper sulphate 
for activation of the zinc mineral. Most 
of the mills were found to use cresylic acid 
in the lead circuit and pine oil in the zinc. 

Thus far in this section we have con- 
sidered the differential lead-zinc separa- 
tion; in addition to the 57 mills using 
this process there are 4 that use a combina- 
tion bulk-and-differential process. These 
4 mills, with total daily throughput of 
1500 tons per day, produce a bulk con- 
centrate of all recoverable sulphides and 
separate this into two or more products, 
by the conventional methods already 
described. Although in theory there are 
several special conditions (soluble salts, 
slime interference, pre-activation, low 
lead content of crude ore, fine inter- 
growth or association of minerals accom- 
panying coarse liberation of free gangue, 
and others) that should favor the bulk- 
differential procedure against the straight 
differential, in practice the former is 
limited to ores containing not more than 
3 or 4 pct combined lead, copper, and zinc, 
and a small quantity of pyrite. There is a 
good reason for this. For substantially 
complete recovery of a large quantity of 
desired mineral in the bulk float an 
excessive amount of collector and frother 
must be used; the separation step is then 
found difficult because the relative response 
of the various minerals has been altered. 

In all four mills using the bulk-differen- 
tial method xanthate is used for the bulk 
flotation. 

A third differential procedure worth 
mention is that of directly floating a zinc 
concentrate in the conventional manner, 
using copper sulphate, and then de-leading 
the zinc concentrate by floating off a 
lead product in the presence of cyanide. 
This is economical and efficient only when 
the lead content of the crude ore is less 
than one tenth of the zinc content. 
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When copper mineral, usually chal- 
copyrite, occurs in a lead-zinc ore, most 
of it floats in the lead concentrate; this 
copper is subsequently recovered as a 
low-grade matte in the lead blast furnaces, 
then upgraded and shipped to a copper 
plant. Because this complication leads 
to additional treatment charges or reduced 
payment for copper, the mill may realize 
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lead, but it does not produce a high-grade 
copper concentrate. Furthermore, in using 
this reagent care must be taken to segregate © 
the water resulting from the separation 
circuit, which otherwise might cause lead 
losses in the primary section. | 
The success of all three of these methods 
hinges upon the collector used in the 
main circuit, which must be of such 


TaBLE 3—Flotation Collectors in Copper Mills 


All Mills Mills Using Xanthate as Principal Collector 
Size of Mill Percentage of Group 
Tons per Day 
Number | Tons per Number | Tons per 
of Mills Day of Mills Day 
Number | Tons per 
of Mills Day 
KORA EOL OOO We tiers ares shoueus ootecne voilelienene 8 202,000 3 49,000 BuAS 24.3 
REO OO TO vOOO ss. cee a, 205, = 0. 3)5, sceians: +, he > Je 10 35,850 9 31,600 90.0 88.1 
OOH 27OOOS soins wean ela) auolsiens Rsowione ths 7 5,120 7 5,120 100.0 100.0 
ECS OOS s ivan) caus ocn alee auebecal ole lo 1,355 5 905 71.4 66.8 
Mo tateall SrOUPS:.).)cjous els aie, view wave 32 244,325 24 86,625 75.0 35-5 
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« Data from 32 North American copper mills with daily rate exceeding 100 tons. 


a saving by dividing the lead-copper 
concentrate by flotation. This operation 
usually is profitable when the copper 
content of the lead-copper concentrate 
exceeds one twelfth of the lead assay; 
for example, 52 pct lead with 4.5 pct 
copper. There are now six mills in North 
America that make such a separation, 
using one of these three procedures: 

1. At three mills the lead is depressed 
by sulphurous acid and caustic starch, 
then a copper concentrate low in lead is 
removed after partial neutralization with 
lime. 

2. At two mills the copper is depressed 
with cyanide while the lead is floated. 
This. method produces clean lead and 
copper but is more costly than the others, 
and it may cause losses in dissolved gold 
if that metal is present. sah 

3. At one mill the lead is depressed 
with dichromate and the copper is floated. 
This method is cheap and simple; it 
effectively removes the copper from the 


nature that it will not interfere with the 
separation. Xanthates are used in all 
mills now making the copper separation. 


CopPpeR MILLS 


The extent to which xanthate is used 
as the principal collector in North American 
copper mills is shown in Table 3. Thirty- 
two mills with total daily throughput of 
244,000 tons, or more than 60 million 
tons of ore per year, are covered by these 
data. 

Of these 32 mills, 24 use xanthate as the 
principal collector, or 75 pct of the total. 
In tonnage of ore, xanthates show to 
less advantage, since only on 35 pct of 
the copper ore is xanthate used. Analyzing 
the data in the table we find that 200,000 
tons per day, or 83 pct of the total, is 
milled in only 8 large plants, while the 
balance of 44,000 is treated in 24 mills 
under 10,000-ton capacity. In: the former 
group xanthate is used on only 24 pct 
of the tonnage, and in the latter 89 pct. 
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The former group is made up largely of the 
porphyry copper ores. » 

The porphyry coppers may be roughly 
divided into two classes, the straight 
chalcocite ores and the ores containing 
chalcopyrite. The former ores may be 
considered more difficult as regards grade 
of concentrate, because pyrite persists in 
the froth, partly because it is often coated 
or stained with secondary copper, and 
partly because its association with copper 
mineral is too intimate for physical separa- 
tion even after minute reduction by 
regrinding of the primary concentrate. As 
a result the finished concentrate rarely 
runs higher than 40 pct copper, although 
chalcocite itself contains nearly 80 pct 
copper. Xanthates function well on this 
type of porphyry ore because potency and 
speed of collection are the essential 
properties, and the only purpose of a 
slower or weaker collector is to reject a 
low grade, but still valuable, portion of 
the recoverable mineral when grade of 
concentrate is unusually important. 

In the second class of porphyry ores, 
the chalcopyritic, the problem is also 
to separate the copper minerals from 
pyrite, but in this case there is usually 
less activation of the pyrite or intimate 
- association of it with copper minerals. 
Xanthates are used on this type of por- 
phyry ore because they function well 
in the higher lime alkalinities that often 
are necessary for maximum selectivity 
between the pyrite and chalcopyrite. 

Of the 24 copper mills in North America 
using xanthate as the principal collector: 
14 (58.3 pet) use ethyl xanthate; 4 (16.7 
pct) use amyl or pentasol xanthate; 3 
(12.5 pct) use mixture ethyl and amyl or 
pentasol; 2 (8.3 pct) use butyl xanthate; 
1 (4.2 pct) uses mixture amyl and butyl. 
The sodium ethyl xanthate is preferred 
to the potassium in 9 of the 14 mills. 
The C4 and C, xanthates are being used 
on dump ore or on others where tarnishing 
or light oxidation has occurred, or where 
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precious metals make the higher cost 
worth while. 

In practically all of the copper mills 
lime is used as the pH modifier. Cyanide 
finds application for pyrite depression 
(and occasionally sphalerite) in five mills, 
mostly in the cleaning circuit. The use of 
pine oil as frother is quite general; in a 
few instances an alcohol frother is used 
with it. 


—s 
DIFFERENTIAL COPPER-ZINC MILLS 


Eight mills in North America are 
reported to be making the differential 
copper-zinc separation. Xanthate is used 
in either the copper or the zinc circuit at 
seven mills, and in both circuits at four 
mills. Lime is more commonly used than 
sodium carbonate as the pH modifier in 
the copper section. For deactivating 
sphalerite and pyrite (or for preventing 
activation) cyanide is used in six mills; 
with zinc sulphate in three of these, sodium 
sulphite in two, and by itself in one. 

The separation of chalcopyrite from 
sphalerite is one of the most difficult, 
because copper dissolves during grinding 
and flotation, activating the unwanted 
minerals. Wark and Cox® have indicated 
that the formation of the copper-bearing 
film on sphalerite is easier to prevent than 
to counteract, hence the depressants and 
pH modifier should be on the ore when 
it is first pulped with water. They also 
suggest that this counteraction is best 
applied before xanthate is added, since 
the copper-bearing film on sphalerite is 
more soluble than the dual copper-and- 
xanthate film. 

There is, however, an exception to the 
last. When an ore contains or develops 
so much soluble copper that an excessive 
quantity of cyanide would be needed for 
its conversion to cuprocyanide, it will 
occasionally be found more effective and 


more economical to precipitate some of - 


this copper with xanthate during the 
grinding period, using up to 4 lb of xan- 
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thate per ton of ore, and then to add 
the cyanide and its companion depressant 
to the flotation feed. This use of xanthate 
as a precipitant rather than as a collector 
is also valuable on some lead-zinc ores. 

The separation of the sphalerite from 
pyrite in the secondary circuit is not 
usually found difficult with xanthate 
as the collector. Ethyl xanthate is ideally 
suited unless a high-lime circuit has been 
employed for copper removal, in that 
case butyl or amyl xanthate may be found 
more efficacious. 


Leap MILts 


Straight lead ore is milled in 10 plants in 
North America; the largest of these are in 
eastern Missouri and represent over 90 pct 
of the total tonnage. Eighty per cent of 
all the ore is milled in seven mills that 
use xanthate as the principal collector. 
Of the xanthates, isopropyl (C3) is gen- 
erally preferred for galena flotation at 
these mills. 


Zinc MILs 


The Tri-State district contributes nearly 
all-of the tonnage in this group. The ores 
contain a small quantity of galena, but 
only three of the larger mills make a 
differential separation, these were in- 
cluded with the lead-zinc mills. The others 
produce only a small amount of lead con- 
centrate on tables or make no effort to 
produce lead at all. Copper sulphate is 
used in all of the zinc circuits, and pine 
oil is the favored frother. With the excep- 
tion of a few mills in the Tri-State district, 
all straight zinc operations use xanthate 
as the principal collector, in nearly all 
cases C2 or C3 xanthate. 


Gotp MILLs 


~ Because of the suspension of most of 
the gold mills in the United States during 


the war, recent information on operations 


of this type is not so complete as on the 
base-metal ores. In the 22 mills covered 
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by this survey the gold most commonly 
occurs in association with arsenopyrite, 
some of the gold free or liberated by fine 
grinding; less frequently the gold is found 
with pyrite, pyrrhotite, chalcopyrite, or 
in telluride. 

It is a striking fact that all of these 
mills use xanthate as principal collector. 
Of the 22 mills with total throughput of 
10,000 tons per day: 12 use secondary 
butyl xanthate; 6 use amyl or pentasol 
xanthate; 2 use mixtures of ethyl and 
amyl or pentasol; 2 use ethyl xanthate. 
This marked preference for the Cy and 
Cs; xanthates, despite their higher price, 
confirms their value as collectors for 
free gold and for such less responsive 
sulphides as arsenopyrite, pyrrhotite, tellu- 
rides, and tarnished sulphides in general. 


‘An interesting detail of gold flotation 


is the use of silicate or starch to prevent 
slime interference or to depress iron oxides, 
mica, or talc; when reagents of this type 
are found to depress gold-bearing sulphides 
as well as slime, copper sulphate is used to 
forestall this tendency. 

When a gold ore contains only a small 
percentage of floatable sulphides, so that 
their complete recovery would not result 
in a large tonnage of low-grade concentrate, 
the metallurgy is relatively simple, for 
it consists simply of grinding fine enough 
to liberate the gold and the sulphides 
from the gangue and then floating them. 
On the other hand, an ore is occasionally 
encountered in which the percentage of 
sulphides is so high that a bulk concentrate 
would have little value as a shipping 
product.. As an alternative to cyaniding 
such a concentrate, selective flotation 
may be found successful if the gold is 
free, or associated with only a part of the 
sulphides. I remember such an ore from 
Oaxaca, Mexico, which contained so much 
pyrite and arsenopyrite that the gold 
tenor of the ore could hardly be doubled 
in the concentrate by bulk flotation. 
At a pH of 9.4 with sodium carbonate 
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and sodium sulphide, a surprising result 
was obtained—nearly all of the gold was 
floated in a small quantity of auriferous 
pyrite, while nearly all of the barren 
pyrite, arsenopyrite, and gangue were 
rejected. It is not uncommon that aurif- 
erous pyrite is found more responsive 
than barren pyrite to xanthate collection, 
and when it can be selectively floated by 
careful control of alkalinity, or by the 
use of such reagents as sodium sulphide, 
copper sulphate, or dispersants, an other- 
wise unprofitable operation may be sal- 
vaged. Even a simple washing operation 
before flotation, as on the gold-bearing 
cerussite ores of northern Mexico, may 
mark the difference between profit and 
loss. 


MISCELLANEOUS MILLS 


Under miscellaneous are included two 
copper-nickel mills, in which C; xanthates 
are used as principal collectors; one tung- 
sten mill, in which a Cy, xanthate is 
used to float off sulphides before leaching; 
two mills treating oxidized copper ores, 
which employ a C; xanthate as sole col- 
lector; and one acid-leach-float copper mill, 
in which xanthate is used as the secondary 
collector. These applications merit an 
individual, detailed description that is 
beyond the scope of this paper. 


SuMMARY OF APPLICATIONS 


Recent data on 170 North American 
mills shows that 148 of these use xanthate 
as principal collector in one or more 
circuits. Table 4 gives a more detailed 
summary, in percentages. Tonnage per- 
centages are about the same as those 
shown in Table 4, with only the important 
exception of the copper mills where xan- 
thate is the chosen collector in 75 pct of 
the mills but only 35.5 pct of the tonnage. 


STORAGE, HANDLING, FEEDING 


The xanthates are stable in the sense 
that they decompose only slowly (2 to 
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TaBLeE 4—North American Mills Using 
Xanthate as Principal Collector in One 
or More Circuits 


Xanthate Used as 
Principal 


Collector 
Total 
Class of Ore the Major 
Circuits Per- Per- 
centage | centage 
of Total | of Total 
Mills | Circuits 
Lead-zinc...... 61 131? 93 79 
Copper.......:. 32 32 75 75 
Copper-zinc.... 8 172 88 71 
Crs RE einer 10 10 70 70 
Zinc 31 31 84 8 
Golds: sachs oes 22 22 100 100 
Miscellaneous. . 6 8 83 88 
Totalsthgaoa. re 251 85 78 


@ Including iron circuits. 


5 pct in a year) when stored in drums in a 
cool, dry place. It is important, however, 
to keep xanthate from moisture; if the 
drums have to be left where they are 
exposed to rain even temporarily, they 
should be laid down to keep water from 
standing on the ends. With sodium ethyl 
xanthate this precaution is particularly 
important, for it may take fire spon- 
taneously when damp. 

As regards handling, the same ordinary 
precautions should be taken as with nearly 
any chemical substance; i.e., if it comes 
in contact with the skin it should be 
washed off, it should not be taken inter- 
nally, and: inhalation of its dust or fume 
(if burning) should be avoided. It is 
said that an occasional individual is skin- 
sensitive to xanthate and becomes afflicted 
with a temporary rash on contact. The 
recommended treatment is the application 
of sodium bicarbonate solution and bis- 
muth subnitrate salve, followed by avoid- 
ance of further contact for a week or more. 
Even temporary indisposition from this 
cause is very infrequent. 

Inasmuch as liquids may be fed to the 
flotation circuit much more easily. and 
accurately than solids, xanthates should 
be dissolved in water for use. Such solu- 
tions are. relatively. stable, even\,a_o.2_ pet 
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solution shows little hydrolysis after 72 hr. 
Therefore, the strength of solution can be 
suited to the operator’s convenience. In 
practice xanthate solutions as weak as 1 
pet and as strong as 25 pct are not un- 
common. Accuracy is the first requirement 
of the feeding system and deserves first 
consideration in determining what con- 
centration is to be employed. 

The mechanical reagent feeder is used 
for xanthate solutions in most mills, 
but a few of the large mills prefer control 
by valve, which, though satisfactory with 
dilute solutions, requires more attention 
than mechanical feeders. In choosing the 
feeding system and deciding upon solution 
strength, the operator should keep in 
mind that dilute xanthate solutions are 
not pungent and are, in fact, as inoffensive 
as a sulphide collector can be. 

The solution storage should be large 
enough for a 24 to 30-hr supply, so that 
dissolving may all be done on dayshift. 
A word of caution is added regarding the 
mixing of these solutions. Dissolved xan- 
thate diffuses slowly, consequently if a 
tankful is left incompletely mixed it will 
remain that way for hours. In a recent 
test 1500 gal of 2 pct xanthate solution, 
perfunctorily mixed, was found after 
24 hr to consist of layers of widely differing 
concentrations. Filling of the tank before 
xanthate addition will be found helpful; 
stirring is best performed mechanically 
or by air, and the minimum period of 
stirring should be determined in each 
case by test. 


TESTING OF ORES 


For an exposition on ore testing refer 
to Hassialis’ Section 19 of Taggart’s 
Handbook. It is a broad subject, and 
rather than trim it to the scope of this 
paper I shall confine my comments to a 
few working rules governing the use of 
xanthate in ore testing. 

A o.s pct solution is generally used in 
the laboratory. Fresh solutions should 
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be made for each day’s work; these are 
often made in tap water and used unfiltered. 
Preferred practice is to use distilled water. 
Preliminary tests are run generally with 
sodium ethyl xanthate until such details 
as test procedure, fineness of grinding, 
alkalinity, nature and quantity of inor- 
ganic reagents have been established. 
The factors that deserve most attention 
in the early phases of the investigation 
are grind, the degree of alkalinity (or pH) 
and the quantity of collector. Of these 
Wark® has said that alkalinity is the most 
important factor in determining the 
effectiveness of a flotation reagent, while 
in regard to the collector, Edser once 
stated that failure in flotation is more 
likely to occur from using too much rather 
than too little. Even in a mill of many 
years successful operation, frequent re- 
examination of these three factors is 
profitable. 

After a satisfactory procedure has 
been developed with sodium ethyl xan- 
thate, the other xanthates deserve intensive 
study, for, as .the section on Applica- 
tions has shown, one will be found superior 
to the others. Not infrequently, a Ca 
or Cs; xanthate produces a good grade of 
concentrate with excellent recovery but 
in a froth that is difficult to remove from 
the machine or to handle in subsequent 
operations. In this case a mixture with a 
C, xanthate will generally relieve the 
objectionable condition without sacrifice. 
However, froth difficulties are not so 
easily recognizable in the laboratory as 
in the mill; for this reason a change in 
xanthate for improvement of froth quality 
is generally made as a result of large-scale 
observation. 

In regard to the order of addition, 
xanthate usually is added to the test 
cell after all other reagents except the 
frother. When conditioning is to precede 
flotation, the xanthate may go in either 
before or after the conditioning period. 
It may be fed in stages during the rough- 
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ing period, but ordinarily this is not 
advantageous in laboratory tests. 

The best quantity of xanthate must be 
determined, naturally, for each ore. It is 
impossible to forecast or estimate this 
figure. However, the following approxi- 
mate averages for different types of 
sulphide ore may serve as a guide for the 
preliminary tests: 


XANTHATE, 
LB PER 
TYPE OF ORE TON ORE 

Eedd-zinc, leadicircuit 2p) asent-iew 0.10 
[Mead-zinc; zinescircultc, ae sean ek > 0.07 
Weadezine, AFOM CIE CULE, sul ceiels OS 
CODDEr. melas oinin tise tye toe paces 0.04 
Copper-zinc, copper circuit........ 0.08 
Copper-zinc; zc CIrcUlta.. .. are 0.08 
Straicht Lend OrzanGrer aces 0.05 
Goldorese ay ee 0.15 


At mills treating oxidized copper or 
oxidized lead, the consumption of xanthate 
runs as high as 3 lb per ton. Even on 
sulphide ores, xanthate consumption may 
run up to a pound per ton when, as de- 
scribed in an earlier paragraph, it is used 
in the capacity of heavy-metal precipitant 
rather than as collector. Normally, 0.15 lb 
per ton is sufficient for collection in a 
sulphide circuit. 


CONCLUSION 


We have pointed out that the introduc- 
tion of xanthate was one of the forces 
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that gave impetus to the progress of 
flotation shortly after World War I. 
So effective did selective flotation become 
in converting millions of tons of waste into 
ore, and encouraging the development of 
immense low-grade ore bodies, that several 
authoritative writers of the early twenties 
feared that irreparable harm to the mining 
industry would occur in the form of over- 
production. We can now smile at these 
fears, knowing that our huge metal 
production during the past seven years 
was the act for which selective flotation 
had set the stage 20 years earlier. 

Now that we are in a similar period of 
reconstruction, it is interesting to speculate 
on the new process developments that 
must be forthcoming, though as _ yet 
unheralded, to mark the second ‘“‘golden 
age”’ of milling progress. 
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Effect of ‘‘Metso’’ (Sodium Meta-silicate) on Mill Recoveries of 
Alta-St. Louis Ores 


By Henry P. EmRLINGER,* MempBer, AIME 


(New York Meeting, February 1948) 


Tue Alta and St. Louis mines of the 
Alta Mines, Inc., produce a somewhat 
oxidized ore with a talc gangue that pre- 
sents quite a problem in milling. For 
several years the mill recoveries were 
relatively low and there seemed to be no 
cure for this condition even with increasing 
the various collecting agents and frothers 
to two or three times of what they should 
be. The usual alibi of “oxidized ore” was 
given as the reason for these results and the 
matter stood there for some time until 
these investigations were started. 


FLOWSHEET 


As a brief outline of the flowsheet the 
ore is crushed to minus 1 in. in a Telsmith 
jaw crusher and then fed to a 64'¢ Marcy 
grate mill. The resulting product from the 
grate mill is passed over a trommel where 
the coarse particles (plus 7 mesh) are re- 
turned to the grinding circuit through the 
classifier. The under 7-mesh pulp is passed 
over two Denver mineral jigs where a high 
grade concentrate is produced, thence over 
two Wilfley tables where a table concen- 
trate is produced and about 80 pct of the 
oxide lead recovered. The tailings from 
these tables are pumped back to the 
classifier and after classification the 30 pct 
pulp density product, which overflows the 
lip, is passed into a series of 10 Denver 
economy flotation cells where a lead-copper 


- Manuscript received at the office of the 
Institute March 21, 1947. Issued as TP 2272 in 
MINING TECHNOLOGY, November 1947. 

* Formerly General Manager, Alta Mines, 
Inc., Ophir, Colo., now President, Golden 
Monarch Mines, Silverton, Colo. 


concentrate is produced. Three products 
are made and shipped to the smelter 
termed jig, table and float concentrates. 


RESULTS WITH VARIOUS REAGENTS 


In March of this year work was started 
on the metallurgical problems of the mill 
and, as is shown in Table 1, the results 
obtained were not too efficient. 


TaBLE 1—Mill Results, Alta Mill, March, 


1946 
Assays 
Product 

Au | Ag | Pb | Cu} Ox-Pb 
Mill heads..........]0.20 4.8 | 1.5]0.90] 0.8 
Jig concentrates..... 9.20 |82.8 |24.2|3.6 0.2 
Table concentrates. .]3.30 |46.5 |25-3/2.1 I.9 
Float concentrates...|1.01 |60.35|11.1/8.3 OF 
Mie Fthtol-t eRe mo cia cedie 0.045] 1.22] 0.7|0.32| 0.5 

RECOVERIES, PER CENT 

Jig concentrates..... 4.2) 0.4 
Table concentrates. . 4.0) 22.2 
Float concentrates... - P 57) Ol 20.2 
Pi auilirige nat sissies ees: 3 a .0131.2| 56.2 


Tests were run with various reagent com- 
binations that were recommended for ores 
of this nature but there was no appreciable 
effect on the recoveries. The grades of the 
flotation concentrates were reduced by the 
insoluble picked up and retained by these 
more powerful collectors and frothers. 


Resutts wity ‘‘Merso” 


In past work on ores of this type the 
use of “Metso”? had improved gold and 
lead recoveries, but no effect on the silver 
and copper recoveries had been noted. To 
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start the tests on a standard basis a large 
sample of ore was dried and mixed to 
provide a standard head sample for all 
tests. The best reagent combination, as 
shown in Table 2, was used on all tests; 
‘the times, pH value, pulp density, and 
so forth, were held constant with the 
amounts of ‘‘Metso” being the only 
variable. The reagents, with the exceptions 
of the ‘‘ Metso,” are shown in Table 2. 


TABLE 2—Reagent Combinations 


per Ton| Introduced 
Reagent oe At 
Milled 
Aerofloat 31 and Sharples 
TRA anit oe bin. dour sas. |e OvOSOi || Ballamall 
Zs xanthate...............] 0.350 | Classifier pool 
Aerofloat 404............. 0.350 | Ball mill 
Crésylic-acid: 2c i A.2%,.c)). 0.020... sth cell 


PERTINENT Data 


WWACOCNDIEN. cate inrmiy Cele eee: 720 
Grinding time, min.... 
OG gre lsurs siete sles, sane 


12.6 pct plus 48 mesh 


Pulp density of grind........ 55 pct solids 


Pulp density flotation ccll.... 30-24 pct solids 
pH fotation pulp. vs..cesercs (6-0 
Flotation time min....... a2 20 


The amounts of “Metso” used for 
each test and the assays of the products 
for eacl test are shown in Table 3 and the 
recoveries for each test with “Metso” 
are given in Table 4. 


EFFECT OF ‘‘METSO’’ ON MILL RECOVERIES OF ALTA-ST. LOUIS ORES 


TaBLE 4—Recoveries with “Metso” by 


Tests 
Prer CENT 
Test 
Num-| Au Ag Pb Cu Zn Ox-Pb 
ber 
I 89.6 | 88.9 | 78.5 | 76.4 | 21.3 290.2 
2 ort |-04-2]-78. 20] .86.09}-5753 5225 
3 901.3 | 92-8 | 77.8 | 80.4 | 56.6 76.7 
4 04.4 | 94.2 | 83.5 | 85.3 | 72.6 88.4 
5 06.3 | 94.2 | 89.2 | 90.2 | 72.3 88.3 
6 96.3 | 93-8 | 89.0 | 90.0 | 71.6 88.0 


These recoveries were sufficient to justify 
a trial of ‘‘Metso” in the mill. The rate 
of feed at one pound per ton seemed the 
best. These results indicated that with 
1 lb of “Metso” at $0.05 per pound 
gold recovery was increased from 89.6 to 
96.3 pct, a gain of $0.52 per ton; silver 
recovery was increased from 88.9 to 94.2 
pet, a gain of $0.31 per ton (at 7o0¢ silver) ; 
lead recovery was increased from 78.5 to 
89.2 pet, a gain of $0.15 per ton; copper 
recovery was increased from 76.4 to 90 2 
pet, a gain of $0.37 per ton. 

The ‘‘Metso” addition was started in 
the mill in September 1946, at the rate of 
1 lb per ton of ore milled. The results ob- 
tained in the mill over a 45-day period, 
milling over 5000 tons of ore, are shown 
in Table s. 


TABLE 3—A mounts of “Metso” Used and Assays of Each Test 


Test “Metso” 


Product 


Number | Lb per Ton 
A Bat ea oe ol CAGE pea oe dads wmetin A 
I 0.00 Concentrate...ji...:.. 0.950 35.1 
LALING vere sein te aac. sly OL O80 0.8 
2 0.25 Concentrate....... eats, 050 37-3 ae 
Taine Fide fey eel 05028 0.6 
ey 0.50 Concentrate... 5.55... 150 46.5 
a AWAIT GR Nn NO call Seber i 0.5 
4 0.75 Concentrate Peay ct a has 1.250 50.5 
adlin gest Phan ae eg |) eOCOLS 0.4 
5 I.00 Concentrates. qucs wins Ti 300 60.3 y 
bety ‘Talis as. chee 0.010 04 3 
6 2.00 Concentratey. n.pannen 1.440 _ 5 4 : 
‘Tailings, cate aie AiO OTS 04 ; ‘ 
tne Sees NES SEE Ty SL i Te Be 


- 


— - , _ peeaetiiniininind ~~ inary an satan pear Maen lI tet ee hee it LAY ORs BAD 
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TABLE 5—Mill Results, Alia Mill, Septem- 
ber—October, 1946 


ComposITE ASSAYS 


Product Au Ag Pb | Cu 
Mill heads..........---. 0.153) 4.25| 1.21] 0.70 
Jig concentrates.......... I3.530]24.15|76.91| 0.81 


Table concentrates....... 
Float concentrates......- 
RATINGS yrarela/arioin ies elaitiers 3s 


9.020]42.20|54.50] 1.28 
0.980]/65.60|12.54|11.95 


0.008] 0.50| 0.15] 0.05 
i ee ee ed ee eee 


RECOVERIES, PER CENT 


Jig concentrates.........- 28.0 | 1.2 |17.6 | 065 
Table concentrates....... SSeS SSSA eke 5 
Float concentrates....... 28.1 |81.9 |35-5 |85-5 
CIE ee eine to ee Fecal Sse poner kar 5 


The results over this period clearly 
indicated that the use of this reagent on 
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the ore was fully justified. In November 
1946, the silver tailing had dropped to 
0.40 oz per ton, thus bringing mill results 
up to those obtained in the laboratory 
work. 


SUMMARY 


The particles of gold and galena at the 
Alta and St. Louis mines were badly 
coated with slime after grinding and the 
addition of metasilicate had the effect of 
defloculating the slime in the pulp and 
cleaning the surfaces of the mineral par- 
ticles so they were more ammenable to 
flotation. Sodium silicate was used in one 
test but the results were not improved 
to any extent. 


Effects of Oxidation of Sulphide Minerals on Their Flotation 
Properties 


By Eni C. PLante* anp K. L. SUTHERLAND* 


(New York Meeting, March 1948) 


PRACTICAL metallurgists are unanimous 
in stating that oxidation of mined sulphide 
ore adversely affects separation of the con- 
stituent minerals under standard conditions 
in a mill. Frequently, the need for different 
operating conditions in different plants is 
attributed either to the extent of oxidation 
of the mineral surfaces or to soluble oxida- 
tion products. The investigations reported 
in this paper study the effect of oxidation 
on the primary condition necessary for 
flotation, namely that of adhesion of an air 
bubble to the mineral. 


OXIDATION PRODUCTS FROM SULPHIDE 
MINERALS 


Weinig and Carpenter! state that the 
relative rates of oxidation of some sulphides 
are: 


FeAsS > FeS, > CuFeS, > ZnS 
> PbS > Cu,S tetrahedrite. 


They also show that oxidation is rapid at 
first, that sulphides of older geological for- 
mations are more stable than those of 
recent date and that mixtures oxidize more 
rapidly than any one mineral alone. 

The more rapid oxidation of mixtures is 
borne out by results of Gottschalk and 
Buehler? who found that PbS, ZnS and 
CuS oxidized 8 to 20 times faster when 
SManusrriot received at the office of the 
Institute July 29. 1946, revision August 4, 
1947. Issued as TP 2297 in MINING TECH- 
NOLOGY, January 1948. 

* Division of Industrial Chemistry, Council 
for Scientific and Industrial Research, Mel- 


bourne, Victoria, Australia. 
1 References are at the end of the paper. 


pyrite was present. Only the end products 
of oxidation, sulphate and the metal ion, 
were identified in these tests. 

Gaudin? states that pyrite is difficult to 
oxidize in the laboratory. Winchell,‘ using 
pyrite containing 99.98 pct FeS:, allowed 
water to percolate through a bed of this 
ground material. At the end of three 
months only a trace of Fe+*+*+ and SO." were 
found. Even after ro months the quantity 
of Fe+*+ was only 7.8 mg and SOq™ 25.5 mg 
per liter of percolating solution. Car- 
michael® confirmed Winchell’s results on 
the slow oxidation of pyrite. 

Usually the oxidation of sulphide sur- 
faces has been conducted in neutral or acid 
solutions, the acidity being caused by the 
oxidation products. Eliseev and Nagir- 
nyak® found that treatment of pure pyrite 
with lime gave only thiosulphate, but con- 
sidered it possible that thiosulphate was 
obtained not by oxidation of the pyrite 
itself, but by oxidation of calcium disul- 
phide. Mitrofanov’ suggested that thio- 
sulphate was formed by the following 
process: oxidation of sulphide to give free 
sulphur (this frequently happens with 
marcasite), followed by oxidation of the 
sulphur to sulphur dioxide and reaction of 
the sulphur dioxide with sulphur to give 
thiosulphate. Ferric and ferrous hydroxides, 


or similar compounds, were shown to be > 


present. 

The Research Staff of the United Verde 
Copper Co.® treated ore from the United 
Verde mine with lime. Thiosulphate, sul- 
phide and polysulphides were stated to be 
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formed but no specific tests for these ions 
were reported. Pyrite was postulated to 
react to form CaS, CaS,, CaSO; and 
Fe(OH);. This treatment with lime de- 
creased the flotability of the pyrite. The 
presence of soluble sulphide has not been 
claimed by any other investigators. 

Mitrofanov and Benenson’ showed that 
in grinding chalcopyrite the important 
factors with respect to the production of 
soluble oxidation products were pH value, 
temperature, time of grinding, ratio of 
liquid to solid and time of aeration. A simi- 
lar study was made for bornite and covel- 
lite.? The general conclusions were: 

1. As the pH value increased the amount 
of sulphur-containing acids appearing in 
solution increased greatly. The consump- 
tion of oxygen was greater in alkaline than 
in neutral or acid solutions and was greater 
with lime as alkali than with caustic soda. 

2. Increase in temperature decreased 
oxidation both with regard to the amount 
of oxidizable anions formed and the amount 
of sulphur (as sulphate and sulphur-con- 
taining ions) in solution. 

3. Increasing the pulp density decreased 
the percentage of surface oxidized, because 
of insufficient oxygen. 

4. The amount of oxidation increased 
with time of aeration either during grind- 
ing, pre-agitation (conditionimg), or 
flotation. 

Before attempting to assess the influence 
of different oxidation products of sulphur 
on flotation some knowledge of the stability 
of the polythionates is necessary. 

The data determined by Kurtenacker et 
al.1911 and those presented by Newton- 
Friend!2 show that sulphide, sulphite, 
sulphate and dithionate are stable at 
pH values between 3 and 12. The following 
decompose in acid solution: thiosulphate 
(below a pH of 5), tetrathionate (below 
8.9), trithionate (below 5.6). Pentathionate 
and hexathionate are stable only at pH 
values of less than 2.5 and o.3, respectively. 
Trithionate is stable at pH values above 8.9 
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and tetrathionate between 8.9 and 11,4. 
Since most sulphide flotation is conducted 
in the range of pH values between 6.5 and 
11 the stable ions which may be present are 
SOus, Sa(SHs)ySOsn $2067, 53067, S406", 
S037. It is also noteworthy that at pH 
values between 7 and 8 polythionates react 
with cyanide’, e.g. 


S.0.~ + CN- + 20H- 
— $037 + SO." + CNS~ + H:0 


so that in practice cyanide may be con- 
sumed when added. 


EXPERIMENTAL METHODS 


Determination of Soluble Oxidation Products 


For the tests the purest minerals obtain- 
able were ground and suspended in water of 
a known pH value through which air (or 
oxygen) was bubbled for a definite time at 
a constant temperature. Usually the pulp 
density and the surface area per unit 
weight of the mineral were smaller than 
those common in flotation. 

Analytical methods and the minimum 
concentration of ion which could be de- 
tected are given in Table r. 


TABLE 1—Summary of Analytical Methods 


Sensi- | Page 
Ion to Be Jae 
Deter- Method ae pas ' 
mined Per 1 | Snell14 
Fett+ | Thiocyanate _ | 0.01 1283-298 
Fe*+t Thiocyanate after oxi-] 0.01 |283-208 
dation with bromine or 
nitric acid 
Pb*t Dithizone 0.05 |202-20. 
Care Diethyldithiocarbamate | 0.01 |164-16 
Agt setae as chlo- | 0.005 |409-410 
ride 
Zatt Dithizone 0.1 350-352 
SOG As barium sulphate by | 0.1 13 
the Tyndall Effect (a 
Zeiss Tyndallometer 
was used) 4 
~ Tons con-| Oxidized by bromine] 0.1 
taining and determined as sul- 


sulphur | phate. 


The determination of thiosulphate, sul- 
phite, trithionate and tetrathionate, in the 
presence of one another was attempted, but 
no satisfactory method was developed. 
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Qualitative tests for these anions have been 
described in the literature.!?:15 

In reporting results the total amount of 
thiosulphate, sulphite, trithionate and 
tetrathionate is recorded as the amount of 
sulphate ion which is produced after oxida- 
tion with bromine. These anions are here- 
after referred to as the thio-salts. 

The pH values of the solutions were 
determined using indicators. 


Captive Bubble and Cylinder 
Flotation Tests 


For all tests, mineral as pure as possible 
was taken from massive specimens. The 
mineral was then polished or crushed under 
grease-free conditions. For captive bubble 
tests specimens of mineral were boiled with 
a solution of sodium hydroxide (to remove 
grease) acid (to remove NaOH) and water. 
They were ground under water on glass 
plates with graded aluminum oxide polish- 
ing powders, then polished under water on 
velvet pads with aluminium oxide.!*"!8 The 
specimens were handled with glass tongs 
and kept under water in glass beakers. 
Rubber gloves were worn during polishing 
and all glassware was cleaned with chromic 
acid before use. The velvet polishing pads 
were first extracted by benzene and then 
by a solution of sodium hydroxide to free 
them from grease. After polishing, the 
specimens were wiped under water with 
linen pads which had also been extracted 
with benzene and sodium hydroxide. The 
surface was tested for cleanliness by bring- 
ing air bubbles into contact with various 
parts of it for 30 sec and only if the bubbles 
showed no signs of “clinging” or ‘‘catch- 
ing” was the specimen considered clean for 
use. 

Mineral for cylinder flotation tests was 
prepared by boiling it with a solution of 
sodium hydroxide, acid and water and then 
crushing it under water with a porcelain 
pestle and mortar, previously cleaned with 
chromic acid. It was then washed into a 
clean, glass-stoppered 50 ml graduated 
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cylinder and shaken with water and ter- 
pineol. Only if no mineral floated was it 
used for tests. In this paper “unoxidized” 


refers to mineral which was used within ~ 


two hours of being polished or ground. 
“Oxidized”? mineral was allowed to stand 
for two days in aerated distilled water at a 
known pH value—unless otherwise stated 
this was the natural pH value of the water. 

The test solutions were prepared by 
adding reagents in the following order: acid 
or alkali, cyanide, water, other reagents, 
xanthate, water to standard volume. The 
pH value was then adjusted to the required 
value using the glass electrode or indicator. 

The mineral was well washed with the 
test solution and conditioned in the solution 
for 30 min at 35° + 1°C. It was then tested 
for contact or flotation. The polished speci- 
mens were wiped with linen pads before 
being tested for contact to remove any 
precipitate from the surface. Terpineol 
(purified)—10 or 20 mg per liter—was used 
as a frother in the cylinder flotation tests. 
The pH value of the solutions was meas- 
ured again after the conditioning period. 

From the results of cylinder and contact 
tests curves have been drawn separating 
solution compositions in which flotation 
(contact) occurs from those in which it does 
not. Fig 26 to 31 show the experimental 
points obtained and are typical examples 
of how all curves were constructed. Where 
two curves appear on the one diagram it is 
not possible to show experimental points 
without confusion. 

Potassium ethyl xanthate was prepared 
in the laboratory, purified by crystalliza- 
tion from alcohol!” and checked by titration 
against iodine.!® Fresh xanthate solutions 
were prepared every second day. The con- 
centration of the cyanide solution was 
checked regularly by titration against 
silver nitrate (Liebig’s method). The di- 
thionate, trithionate and tetrathionate were 
prepared in the laboratory by the methods 
described in the literature.!?-19.20 The purity 
(at least 99 pct) of the samples was con_ 
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firmed by a determination of the sulphur 
and alkali metal content. Other inorganic 
reagents were of Analar grade. 


RESULTS OF OXIDATION TESTS 
Qualitative Results 


Table 2 shows the products which were 
formed when various sulphides were sus- 
pended either in pure water (pH value, 6) 
or in an alkaline solution (pH value be- 
tween 10 and 11) through which air was 
bubbled for two days at room temperature 
(15° to 18°C). 


TaBLE 2—Products formed by Oxidation of 
Aqueous Suspension of Sulphide M inerals 


nn 


Products from Alka- 


Products in Suspen- D : 
i line Suspension 


Mineral | sion, Originally Neu- 


tral (pH = 6) (pH = 10 to 11) 
Galena | Present: Cutt, Fett, | Present: Ht, Agt, 
Fet+t+, SO47 Pbt*,SOa", 
: thio-salts 
Absent: Pbt+, poly- | Absent: Fett, 
thionate Fett++, 
Cutt 
Pyrite Present: Fet+, Ht, | Present: a SOs, 
47 306", 
Absent: Fet++, poly- S40c6™, 
thionate $2037, 
SO3" 
Absent: Fet*+, 
et+,Cutt, 
Se: SsOc™, 
S206" 
Chalco- | Present: H+, Cu**, Present: Ht, SOa™, 
pyrite Fett, Fet**, $2037, 
SO47 $4067 
Absent: Polythio- Absent: Cut*t, 
nate Fett, 
Fett+ 
SO37 
S feasts Present: SO47, thio- | Present: He, Zntt; 
mite salts — $047, SOs", 
; Absent: Zn*+, Fe**, S106", 
Fett+, Cutt $2037 


pee 
- Polythionates are only formed in alkaline 
solution. With the exception of the solu- 
_ tions containing suspended galena, heavy 
metal ions are not formed in alkaline solu- 
tions. The relative proportions of the solu- 
ble products vary with time, which suggests 
either that the mineral surface becomes 
coated with a thick nonoxidizable film, e.g., 
heavy metal hydroxide or basic sulphate 
which hinders further attack, and/or that 
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the soluble thio-salts react with one another 
to produce secondary products which may 
also influence the oxidation of the mineral. 

The problem was not studied sufficiently 
critically to distinguish between these pos- 
sibilities since the object of the investiga- 
tion was to identify the soluble oxidation 
products and obtain the order of their con- 
centration in solution. They could then be 
tested at these concentrations for their 
effect on flotation of the minerals. 


Quantitative Results 


Table 3 shows the amount of oxidation 
products formed by oxidation of aqueous 


TABLE 3—Quantity of Soluble Oxidation 
Products Formed by Oxidation of Aqueous 
Suspensions of Sulphide Minerals. 
SUSPENDED IN DISTILLED WATER 
(pH VALUE = 6) 


——— 


Concentration (mg per liter) of prod- 
uct formed from \ 


Oxidation ee Pea ee et ee 

Product oe ae. . 
: alco- | Sphaler- 

Pyrite pyrite ite Galena., 

OuGe le. oer: 30 2 Evy itt 
Thio-salts....] Nil Nil 24. Nil 
Cutt 4.2 Nil Nil 
Met Siar sterens 0.01 I Nil Nil 
Petisintacecs I5 24 Nil Nil 
Pptt, Zntt... Nil Nil 
pH (final)....} 3-4 2.6 6.0 6.0 


SSS SS EE ee 
SUSPENDED IN WATER TO WHICH SODIUM HY- 
DROXIDE WAS ADDED TO GIVE AN INITIAL PH 


VALUE OF I0.I. 
0 Se 


Concentration (mg per liter) of prod- 
uct formed from 


Product |———j 7 Ok 
Fi - | Sphaler- 
Pyrite ae P res Galena 
SOusiiak- cite 40 20 30 30 
Thio-salts....| 60, 90. 710 30 
SOs omens Nil Nil 
SO ar were eieie Nil 5 
++ +++ 
Peat Zntt| Nil Nil Nil Nil 
AgtyPbr* 3.6, Let 
(respec- 
tively) 
pH (final).... 5.3 Sin 5 


suspensions of sulphide minerals under the 
following conditions: temperature—1 me to 
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18°C; preparation of mineral—ground in a 
mortar to —36 mesh and deslimed; pulp 
density—one part of mineral to 5 parts of 
water; and time of aeration—five days. 
Either distilled water or water to which so- 
dium hydroxide had been added was used. 
Air, freed from carbon dioxide, was bubbled 
fairly rapidly through the suspension. Al- 
though the minerals were ground without 
much attention to their final size, it will be 
shown later that mineral area (i.e., size) is 
relatively unimportant. 

The behavior in alkaline solution is 
almost independent of the mineral, the 
greater portion of the oxidation products 
being derived from the sulphur. 


VARIABLES AFFECTING AMOUNT OF 
SOLUBLE OXIDATION PRODUCT 


1. Solid/Liquid Ratiom—For ratios be- 
tween 0.05 and 0.25 the amount of oxida- 
tion products were constant. 

2. pH Value of Pulp—Table 3 shows the 
effect of an increase in pH value. A further 
increase to a pH value of 12 using pyrite, 
increased the amount of thio-salts (esti- 
mated as sulphate) from 60 to 600 mg per 
liter. 

3. Temperature—One comparison made 
with galena at 15° and 100°C showed only 
a small increase in amount of soluble oxida- 
tion products, e.g., thio-salts increased from 
130 to 160 mg per liter and Pbt+ from 0.6 
to 3.5 (pH value of test 10.7). 

4. Size (area of mineral)—Identical 
amounts of oxidation product were pro- 
duced from +60 and —6o0 mesh mineral. 

5. Effect of Adsorbed Film—An adsorbed 
film of cetyl trimethylammonium ion on 
galena did not alter the rate of oxidation. 

6. Effect of Solutions Buffered by Carbon- 
ate—Larger amounts of thio-salts were 
formed when solutions were buffered be- 
cause decrease in pH value was prevented. 


* The actual data whereon these conclusions 
are based are available from the authors. 


OF SULPHIDE MINERALS 


7. Time of Aeration—No accurate meas- 
urements were made on the rate of forma- 
tion of oxidation products with time. The 
amount increased and the ratio of thio-salts 
to sulphate increased with time, indicating 
that the rate of oxidation of mineral to 
thio-salts is greater than the rate of oxida- 
tion of these to sulphate. 

8. Rate of Aeration and Oxygen Content 
of Admitted Gases—Provided aeration was 
sufficiently brisk to keep the pulp almost 
saturated with air, variations in rate of 
aeration did not cause any difference in the 
amount of oxidation products formed. This 
is consistent with the normal course of 
actions of this type in which the rate of 
diffusion of the soluble reactant—oxygen— 
to the surface of the solid governs the rate 
of reaction. A four-fold increase in concen- 
tration of oxygen supplied to the pulp (by 
using pure oxygen instead of air), produced 
an increased rate of oxidation of pyrite, but 
the increase was not proportional to the 
increased oxygen supply. 

The effect. of variation is solid/liquid 
ratio, temperature and mineral size also 
supports the hypothesis that the rate- 
determining step is the actual concentra- 
tion of oxygen at the mineral surface, this 
concentration being determined by the rate 
of diffusion of the oxygen through a thin 
liquid film not greatly influenced by agita- 
tion. At high temperatures the decreased 
solubility of air is apparently offset by the 
more rapid diffusion of the oxygen to the 
mineral surface. Variation in mineral size 
will not affect the amount of oxidation 
products if the solid/liquid ratio is suffi- 
ciently large, since most of the oxygen will 
be removed from the immediate neighbor- 
hood of the mineral. 

Concurrent with the study of the above 
variables, tests were conducted to deter- 
mine the effect of the oxidation products on 
the flotation of sulphide minerals investi- 
gated in this paper. These tests showed 
that the oxidation products in the amounts 
formed were unimportant, and the factors 
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listed above were therefore not studied 
further. 


EFFECT OF OXIDATION PRODUCTS ON 
AIR—MINERAL CONTACT 


Effect of Cations 


The effects of silver, lead, zinc,?! and 
copper,?? have already been studied with 
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solved in water and boiled with pure iron 
and sulphuric acid, the copper content was 
reduced to less than 10~? mg per liter for a 
1 gm FeSO,-7H.0 per liter solution. This 
solution still activated sphalerite in the 
presence of xanthate. 

Activation caused by ferrous salts falls 
within a different category from that by 
lead, copper or silver if, the behavior of 
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Fic 1—RELATIONSHIP BETWEEN CONCENTRATION OF SODIUM CYANIDE AND pH VALUE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 


KEtX = 25 mg/]. FeSOu-7H20 


= 167 mg/l. Temperature = B5aC: 


: Air-mineral adhesion is possible only in solutions the compositions of which are given by 
points to the left of or below the curve for that mineral. Broken curves show results in the absence 


of ferrous sulphate.?* Sphalerite does not float. 


xanthate as collector. Fig 1 compares the 
effect of sodium cyanide as a depressant for 


the various sulphides in the presence of 167 


mg FeSO.-7H2O per liter (stoichiometri- 
cally equivalent to 150 mg CuSO,4-5H.0 per 
liter). Fig 2 records similar data for ferric 
ammonium sulphate. The ferric salt is 


_ particularly effective in increasing the 


range of pH values in which a separation of 
chalcopyrite from pyrite is possible. 

The flotation of sphalerite (Fig 1) could 
not be caused by copper activation since: 
(x) Small amounts of cyanide would de-ac- 
tivate it; (2) when the ferrous salt was dis- 


these reagents is judged by their ability to 
form insoluble sulphides and xanthates. 
Thus ferrous ethyl xanthate is soluble to 
the extent of about 1 pct in water whereas 
ferrous sulphide is the most soluble of the 
sulphides of zinc, iron, lead and copper.”4 

Ferrous salts also differ from the more 
usual activators in that pretreatment will 
not activate a mineral such as sphalerite or 
galena. 

If ferrous sulphate is added in conjunc- 
tion with copper sulphate (Fig 3), the con- 
ditions of separation of sphalerite from 
pyrite are improved. Carbonate was not 
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Fic 2—RELATIONSHIP BETWEEN CONCENTRATION OF SODIUM CYANIDE AND pH VALUE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 25 mg/I. Fee(NH4)2(SO4)4-24H20 = 290 mg/l. Temperature = 35°C. 


PA Valve 

Fi1c.3— RELATIONSHIP BETWEEN CONCENTRATION OF SODIUM CYANIDE AND pH VALUE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 

KEtX = 5 mg/l. CuSOy-5H20 = 150 mg/l. FeSOu-7H»O = 167 mg’. Temperature = 35°C 
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added in these tests and the xanthate con- 
centration was low. Fig 4 illustrates the 
behavior of sphalerite and pyrite with a 
lower concentration of ferrous sulphate. 
Under these conditions separation of these 
minerals would not be possible. 

The general effect of ions such as copper, 
lead and silver in the absence and presence 
of cyanide is understood.1®71,22 

Results with zinc, ferrous and ferric ions 
are more difficult to interpret. Galena is 
activated by ferrous salts, unaffected by 
ferric salts; chalcopyrite activated by fer- 
rous and ferric salts, pyrite depressed by 
ferrous and unaffected by ferric salts. No 
evidence could be found for the existence 
of iron xanthate complexes which could be 
used to explain these results. Solutions in 
which both ferrous and copper salts are 
present or are added, are particularly valu- 
able for the separation of sphalerite from 
pyrite, but no simple explanation of their 
behavior could be adduced. 


Effect of Anions 


The anions thiosulphate, dithionate, tri- 
thionate, tetrathionate and sulphate had 
no effect on the flotation of chalcopyrite, 
galena, pyrite or sphalerite whether unox- 
idized or oxidized with ethyl xanthate as 
collector. Thiosulphate and trithionate 
caused no depression of sphalerite in the 
presence of copper, cyanide and xanthate. 

Sulphite had no effect on the flotation of 


‘ chalcopyrite, galena or sphalerite but de- 


pressed pyrite (Fig 5). It has been reported 
that with ethyl xanthate as collector and 
at a pH value between 7 and 8 sulphite is an 
effective depressant for galena and pyrite 
but allows chalcopyrite to be floated. Since 


- sulphite ion is not a depressant for galena 


in solutions containing only ethyl xanthate, 
the effect of added copper was investigated. 
In the presence of a solution containing 25 


mg CuSO,-5H.0 per liter, 150 mg Na2CO3 


‘ per liter, and 5 mg potassium ethyl xan- 


os oat hat Ti 


@ Private communication from Lake George 
Mines Ltd., Captain’s Flat, N.S.W. Australia. 
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thate per liter at pH values from 6.7 to 8.5 
neither pyrite nor galena floated, whereas 
chalcopyrite floated normally. At a pH 
value of 6.7 galena began to float. A half- 
hour conditioning period was necessary for 
efficient flotation of chalcopyrite. 

To ensure that all anion compounds 
which might be derived from the oxidation 
of a sulphur mineral do not affect flotation, 
the filtrates from pyrite and other minerals 
oxidized in alkaline solutions were used to 
make up collector solutions instead of dis- 
tilled water. These solutions behaved as 
though prepared with distilled water. 


EFFECT OF OXIDATION UPON THE 
MINERAL SURFACE AND ON FLOTATION 


Gaudin?® found that “pure” pyrite is 
very floatables when fresh and poorly so 
when oxidized. Eliseev and Nagirnyak® 
confirm this by grinding pure pyrite in air 
or oxygen for different periods of time. The 
oxygen-treated mineral floated less readily 
than that ground in air. Tests by Malinov- 
ski2° had shown that long aeration after 
grinding increased the flotability of pyrite 
but Eliseev and Nagirnyak showed that if 
the time of aeration was decreased and the 
mineral floated with nitrogen or oxygen in- 
stead of air, then with nitrogen eight times 
more pyrite floated than with oxygen. They 
concluded, therefore, that the intermediate 
oxidation products on a mineral surface 
were not detrimental to flotation but that 
the final product at the pyrite surface, 
namely sulphate, adversely affected 
flotation. 

Malinovski’s results are suspect however 
because his tests were made with a pyritic 
ore containing copper minerals from which 
copper salts were certainly obtained as the 
sphalerite also became floatable as the 
oxidation proceeded. Iron and zinc salts 
might also be expected in solution but they 
are less marked in their effect than copper.*® 


4“ Plotability’”’ is used in the sense of re- 
covery of a given mineral under constant con- 
ditions of flotation. 
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In a second paper?” Malinovski claimed _phide flotation is improved. Even better 
that the better flotation of his pyrite was results were reported if sulphuric acid was 
due to removal of ferric hydroxide and added to the mineral. It was considered 
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Fic 4—RELATIONSHIP BETWEEN CONCENTRATION OF SODIUM CYANIDE AND pH VALUE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 5 mg/I. CuSO4-5H20 = 150 mg/1. FeSOy-7H2O = 16.7 mg/l. Temperature = 35°C. 
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FIG 5—RELATIONSHIP BETWEEN CONCENTRATION OF SODIUM SULPHITE AND pH VALUE NECESSARY 
TO PREVENT CONTACT AT A PYRITE SURFACE. 
KEtX = 25 mg/l. Temperature = 35°C. 


basic sulphates by nascent sulphuric acid. that these treatments either removed the 
This is similar to a claim by Gaudin?* that ‘‘oxide” layer or converted it to the orig- 
if oxidized pyrite is treated with sodium sul- _ inal state. 
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The Research Staff of the United Verde 
Copper Co. suggests that decreased flota- 
bility of pyrite shown in their tests on a 
pyritic copper ore was caused by films of 
solid materials such as ferric hydroxide. 
Similarly McLachlan?® found that oxida- 
tion of ore helped to float the chalcopyrite 
and reject pyrite. 

The flotation of selected chalcopyrite 
was studied by Mitrofanov and Benenson,’ 
who found that the important factors in- 
fluencing the amounts of soluble oxidation 
products were pH value, temperature, time 
of grinding, pulp density and time of aera- 
tion. The flotation of chalcopyrite, how- 
ever, was unaffected by oxidation for the 
reagent conditions used. 

Siedler®° has shown that the floatability 
of galena oxidized by exposure to air and 
water decreased enormously as oxidation 
was continued. Ravitz and _ Porter,** 
Ravitz,3? Herd and Ure,** and Wark’ have 
considered in detail the effect of an “oxide”’ 
film at the surface of galena. It was con- 
tended particularly by Ravitz and Porter 
that such a film is essential for adsorption 
of xanthate. 

Knoll*4 investigated the oxidation prod- 
ucts formed at the surface of galena, and 
found that addition of xanthate at high 
concentrations liberated OH- and/or CO3", 
SO.-, and reducing ions of the type SmOn™ 
(n/m < 4). No sulphide ion was liberated 
but thiosulphate was shown to be present 
among the displaced ions. The results of 
tests by this author showed clearly that a 
galena surface is not entirely PbS. 

Thus, with the exception of the results 
obtained by Malinovski, it would appear 
that flotation of a sulphide is hindered by 
excessive oxidation of its surface. Mali- 


~ novski’s results may be due to copper 


activation. 


EXTENT OF OXIDATION OF MINERAL 
SURFACE 


The factors which may influence the ex- 
tent of oxidation of a mineral surface are: 
1. Temperature of the solution. 
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2. Oxidizing agent used, e.g., MnO,, 
MnOz, Os, 1G, . 

3. Accumulation of oxidation products 
at the mineral surface which may hinder 
continued oxidation. 

4. pH value of the solution. 

5. Time of aeration. 

The factors which may influence the rate 
of oxidation are: 

1. Temperature of the solution. 

2. Rate of supply of oxidizing agent. 

3. Rate of accumulation of oxidation 
products. 

4. pH value of the solution. 

The rate of oxidation of the surface is not 
considered in this paper, the conditions 
being chosen so that properties of the sur- 
face did not change significantly on further 
contact with the oxidizing agent. This was 
accomplished by leaving the mineral in 
aerated water until, when tested in a solu- 
tion containing 25 mg potassium ethyl 
xanthate per liter, the critical pH value re- 
quired to prevent flotation (air-mineral 
contact) did not alter as the time of oxida- 
tion was further increased. This period 
varied between 2 and 4 days depending 
upon the mineral, pH value of the aerated 
water, temperature and rate of aeration. 
Thus for pyrite the critical pH values re- 
quired to prevent contact in the presence of 
25 mg KEtX/l. were: 


Freshly polished specimen....... 10.0 
Oxidized for I day..............; 10.5 
Oxidized for 2 days.......++.+0- 10.8 
Oxidized for 4 days.......--.++- 10.8 
Oxidized for 8 days.......-+.+-- 10.8 


Specimens of freshly cleaved pyrite, pyrite 
reduced cathodically during polishing or 
pyrite pretreated in a solution containing 
sodium sulphide before testing all gave the 
same critical pH value as the freshly pol- 
ished specimen. Hence either the specimens 
prepared by polishing are unoxidized or 
the initial oxidation of the surface is com- 
plete within 2 or 3 min. Specimens of 
pyrite which were polished and then stored 
in oxygen-free water for three days showed 
a critical pH value of 10.0, the same as that 
for a freshly prepared specimen. 
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Unless otherwise specified all mineral 
was oxidized at room temperature (15° to 
20°C) for a period of two days, this being a 
sufficient time in freely aerated water. The 
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; : 2 fl 
mens oxidized in an alkaline solution. After — 


this treatment the chalcopyrite was more 


tolerant to cyanide whereas pyrite was less — 


tolerant. From these results it is obvious 
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Fic 6—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 25 mg/l]. Temperature = 35°C. 1 
In this and the following figures, unless otherwise indicated, —— = unoxidized mineral. 
--- = mineral oxidized in water of initial pH value of 6. (Fig 6 is taken from Wark and Cox.) 


distilled water used in the oxidation had a 
pH value of about 6 which fell to 4 or 5 as 
the oxidation proceeded. In other tests the 
minerals were oxidized in an alkaline solu- 
tion of pH between 10.5 and 11.0, which 
resulted in a different subsequent be- 
havior. To facilitate distinction between 
curves for oxidized and unoxidized mineral, 
curves for oxidized mineral are shown by 
broken lines in the figures. 


EFFECT OF OXIDATION ON THE RESPONSE 
TO XANTHATE USING HypROXYL AND 
CYANIDE AS DEPRESSANTS 


Fig 6 and 7 show that galena, pyrite and 
chalcopyrite were all more tolerant to addi- 
tions of cyanide and alkali after oxidation 
of the mineral surface in distilled aerated 
water. Fig 8 shows similar results for speci- 


that a mixture of unoxidized and oxidized 
chalcopyrite cannot be separated from un- 
oxidized and oxidized pyrite using cyanide 
and alkali as depressants with 25 mg potas- 
sium ethyl xanthate per liter as collector. 

Mineral oxidized at 10° or 35°C showed 
the same behavior as did that oxidized at 
room temperature. 


EFFECT OF OXIDATION ON RESPONSE 
TO XANTHATE USING COPPER AS 
ACTIVATOR AND ALKALI AND 
CYANIDE AS DEPRESSANTS 


The specimens were oxidized in distilled 
water and the response of the mineral to 
xanthate in the presence of copper, cyanide, 
hydroxyl but in the absence of carbonate? 
was determined. Fig 9 and 10 compare the 
behavior of the minerals when 25 mg 
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Fic 7—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 25 mg/l. Temperature = 35°C. 
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- Fic 8—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 

KEtX = 25 mg/l. Temperature = 35°C. 

Mineral oxidized in water at pH 10.7. 
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Fic 10 
FIG 9 AND 10—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE 
NECESSARY TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 25 mg/l. CuSO«5H20 = 15° mg/l. NazCOs = nil. Temperature = 35°C. 
Fig 9 = unoxidized. Fig 10 = oxidized. 
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WEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE 


EVENT CONTACT AT MINERAL SURFACES. 


Fic 11 AND Cae REiATOnstir BET 
= nil. Temperature = 35°C. ° 


NECESSARY TO PR 
KEtX = 5 mg/l. CuSO.-5H20 = 150 mg/l. NazCOs 
-. Fig 11 = unoxidized. Fig 12 = oxidized. 


174 EFFECTS OF OXIDATION 
potassium ethy] xanthate per liter was used 
as collector. Fig 11, 12, 13, 14 and 15 show 
the results when 5 mg of collector per liter 
was used, carbonate being present for the 
tests recorded in Fig 14 and 15. 
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Fic 13—RELATIONSHIP BETWEEN pH VALUE 
AND CONCENTRATION OF SODIUM CYANIDE 
NECESSARY TO PREVENT CONTACT AT A GALENA 
SURFACE. 

KEtX = 5 mg/]. CuSO,-5H20 = 150 mg/l. 
NazCO; = nil. Temperature = 35°C. 


The critical pH value for galena in the 
presence of 5 mg potassium ethyl xanthate 
per liter and in the absence of copper is 9.2. 
Usually, if copper sulphate is present then 
as soon as the cyanide concentration is 
sufficient to give the soluble complex 
Cu(CN)e~ the film of copper is removed 
from the galena and thereafter cyanide has 
no depressant eifect; flotation (contact) 
will therefore cease at the same pH value 
as in a test where neither cyanide nor 
copper salts are added.*® For oxidized 
galena with 5 mg potassium ethyl] xanthate 
per liter and 150 mg CuSO, 5H;0 per liter 
this independence to cyanide is not shown 
until the concentration exceeds 180 mg 
per liter (Fig 13). To demonstrate whether 
the galena possessed a copper-bearing film, 


OF SULPHIDE MINERALS 


— 
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the specimen was washed in distilled water 
and the critical pH value determined in a ~ 
25 mg potassium ethyl xanthate per liter 
solution free from copper and cyanide. — 
When specimens were copper-activated the — 
critical pH exceeded 9.7, whereas when un- 
activated it is 9.7. If the addition of NaCN © 
exceeds 50 mg per liter the mineral is not 
activated. Since cyanide is not a depressant 
for unactivated oxidized galena, it seems 
certain that the Cu(CN)e7 is a depressant — 
for the oxidized galena. As the concentra- 
tion of cyanide is increased this ion is 
converted into a second complex Cu(CN)4~ 
which is not a depressant for galena. 

Usually sphalerite is separated from 
pyrite in solutions containing copper sul- 
phate. The reagent conditions used for 
determining the curves reported in Fig 14 
and 15 show that it would be feasible to 
separate sphalerite from pyrite when these 
minerals are present both in the unoxidized 
and oxidized state (a cyanide concentration 
of 40 to 60 mg per liter in the pH range 7.5 
to 8.5 would be satisfactory.) In the ab- — 
sence of the carbonate, separation of © 
sphalerite from pyrite is not possible (Fig. 
Ir and 12). 

The “island” of noncontact and the form ~ 
of the pyrite curves (Fig 14 and 15) is 
caused essentially by xanthate deficiency — 
(the copper precipitates the xanthate) and 
not by lack of activation by copper. Oxida- 
tion does not alter the mineral markedly so i 
that the conclusions presented regarding : 
island formation may still be regarded as 
valid.?? 


EFFECT OF OXIDATION ON RESPONSE 
TO XANTHATE IN PRESENCE OF 
FERROUS SALT AND ALKALI 
AND CYANIDE AS DEPRESSANTS 


Ferrous salts activate galena, chalcopy- — 
rite and pyrite (Fig 1). Oxidation of these © 
minerals enhances the activating effect of 
the ferrous salt (Fig 16 and 1). Separation — 
of galena, chalcopyrite and pyrite from 
each other would be very easy if all the © 
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_ Fic 14 AND 15—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE 
NECESSARY TO PREVENT CONTACT AT MINERAL SURFACES. 


= 1so mg/l. Na2CO3 = 150 mg/l]. Temperature = 35°C. 


KEtX = 5 mg/l. CuSO«-5H20 
dized. (Fig 14. After Wark and Sutherland.?2) 


Fig 14 = unoxidized. Fig 15 = oxi 


176 EFFECTS OF OXIDATION OF SULPHIDE MINERALS 


/20 


Na CN - mgyf? 
® 


PH Value 


Fic 16—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT OXIDIZED MINERAL SURFACES. 
KEtX = 25 mg/1. FeSOy-7H20 = 167 mg/l. Na2CO; = nil. Temperature = 35°C. 
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Fic 17—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT OXIDIZED MINERAL SURFACES. 
KEtX = 25 mg/l. Fe2(SO4)s(NH,)2SO,-24H20 = 290 mg/]. NazCO; = nil. Temperature = 35°C. 
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Fic 18—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT OXIDIZED MINERAL SURFACES. 
KEtX = 5, mg/l. CuSO«5H20 = 150 mg/l]. FeSOy-7H20 = 167 mg/l]. NazCO; = nil. Tem- 
perature = 35°C. 
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FIG 19 RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT OXIDIZED MINERAL SURFACES. , 
KEtX = 5 mg/l. CuSO,-5H20 = 150 mg/l. FeSOu7H:0 = 16.7 mg/l. Temperature = 35°C. 
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mineral could be obtained either in the 
unoxidized or oxidized state. If there is a 
mixture of both oxidized and unoxidized 
minerals, the separation would still be pos- 
sible but difficult. 
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EFFECTS OF OXIDATION OF SULPHIDE MINERALS 


causes marked depression of pyrite whether 
oxidized or unoxidized. Pyrite can even be 
depressed in the absence of cyanide. 
Sphalerite is less affected by the addition 
of ferrous salt although oxidation dimin- 
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Fic 20—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM SULPHITE NECESSARY 
TO PREVENT CONTACT AT AN OXIDIZED PYRITE SURFACE. 
KEtX = 5 mg/l. Temperature = 35°C. 


EFFECT OF OXIDATION ON RESPONSE 
TO XANTHATE IN PRESENCE OF FERRIC 
SALT AS ACTIVATOR AND ALKALI AND 
CYANIDE AS DEPRESSANTS 


The effect of ferric salts on unoxidized 
mineral is shown in Fig 2. Oxidation of the 
minerals increases the depression of pyrite 


and depresses chalcopyrite (Fig 17), but. 


separation of mixtures containing both oxi- 
dized and unoxidized minerals might pre- 
sent difficulties. Unoxidized or oxidized 
galena and chalcopyrite could be readily 
separated from pyrite. 


EFFECT OF OXIDATION ON RESPONSE 
TO XANTHATE IN PRESENCE OF COPPER 
AND FrRRovs SALTS AS ACTIVATORS AND 
ALKALI AND CYANIDE AS DEPRESSANTS 


Fig 18 and 3 show that the addition of 
167 mg of ferrous sulphate per liter to a 
system containing copper, no carbonate 
and low xanthate (compare Fig 11 and 12) 


ishes its tolerance to cyanide and separa-. 


tion of sphalerite from pyrite, may be pos- 
sible at high cyanide concentrations. If the 
concentration of ferrous salt is reduced to 
one-tenth (Fig 19), the behavior of sphaler- 
ite is very similar to its behavior at the high 
concentration of ferrous salt but pyrite is 
not depressed at all by the smaller addition. 
A separation of these minerals is then not 
possible. This demonstrates how a varia- 
tion in the concentration of salts not nor- 
mally considered important may affect 
flotation. 


EFFrect OF OXIDATION PRODUCTS ON THE 
FLOTATION OF OxIDIZED MINERALS 


Chalcopyrite, pyrite and galena were 
crushed separately and placed in N/100 
alkali solution for 5 days while air free from 
carbon dioxide was passed through the sus- 
pension. The filtered oxidation liquids were 
used instead of distilled water to make up 
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solutions for cylinder flotation tests with 
these oxidized minerals. The results were 
the same as those with solutions made with 
distilled water. This confirmed tests with 
dithionate, trithionate, tetrathionate and 
thiosulphate which were not depressants 
for pyrite, chalcopyrite or galena. Fig 20 
shows that sulphite depresses pyrite but 
when the minerals are oxidized it is not 
formed in sufficiently large amounts to 
cause depression. 


PossisLE METHODS OF OVERCOMING 
DIFFERENCES BETWEEN OXIDIZED 
AND UNOXIDIZED ORE 
Inhibition of Oxidation 


It was shown earlier (page 169) that if 
mineral was stored in oxygen-free water 
there was no change in the surface for a 
period of several days. Therefore, if a re- 
ducing agent is added to the pulp during 
grinding it might be possible to prevent 
oxidation. Ions which have no detrimental 
effect on subsequent flotation should be 
considered (e.g., SO3~). Fundamentally the 
method is difficult because the moist ore is 
oxidized rapidly during mining, storage and 
crushing as well as during grinding. No 
attempts were made, therefore, to apply 
the method. 


Completion of Oxidation 


If the sulphide minerals in an ore have 
their surfaces uniformly oxidized then the 
problem of separation by flotation is sim- 
plified because it concerns oxidized mineral 
only. Unfortunately the rate of oxidation 
with air is slow. Use of oxidizing agents dur- 
ing grinding, e.g., permanganate, dichrom- 
ate or manganese dioxide would probably 
give more uniform oxidation, although 


there is no guarantee that the extent of 


oxidation of the surface would correspond 
to that produced by oxidation with air or 
oxygen. Residual products from the oxidiz- 
ing agent would also have to be considered. 


In a private communication from the - 


American Cyanamid Co., a method of 
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separation of pyrite, pyrrhotite and arseno- 
pyrite by use of the oxidizing agent, potas- 
sium permanganate, was described. It is 
not certain that the whole action is caused 
by the oxidation of the mineral by perman- 
ganate, since any permanganate which is 
not consumed by the mineral will oxidize 
the xanthate to dixanthogen. The object of 
the tests was to produce a pyrite and an 
arsenopyrite concentrate with a maximum 
rejection of pyrrhotite. The percentage 
recovery of arsenopyrite and pyrite as 
separate concentrates was go pct, the con- 
centration ratios being respectively 84:1 
and 196:1. In a similar test omitting the 
treatment with permanganate it was not 
possible to separate the arsenopyrite from 
the pyrite. In this example use was made 
of the more marked difference in behavior 
of the oxidized minerals. 


Removal of Oxidized Surface 


The third method which might lead to a 
uniform surface is by treatment of the 
oxidized and unoxidized mineral with sul- 
phide ions (or a combination of reagents 
which either contain or can supply sul- 
phide) to restore the surface to its unoxi- 
dized condition. The method adopted was 
to prepare oxidized and unoxidized mineral, 
immerse both in a solution of sodium sul- 
phide (20 mg) for 1o min, wash well 
with distilled water, and determine the 
behavior of the minerals by captive bubble 
tests in the usual way. Washing was neces- 
sary since sulphide in solution is an excel- 
lent depressant with ethyl xanthate as 
collector.*® 

Pretreatment of a freshly polished sur- 
face with a 20 mg Na2S-oH.0 per liter 
solution produced no change in the response 
of unoxidized galena, pyrite or chalcopyrite 
to a solution of 25 mg potassium ethyl 
xanthate per liter. When oxidized minerals 
were similarly pretreated, the response of 
galena and pyrite became identical with 
that of the freshly prepared surface, 
whereas chalcopyrite responded as though 
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the surface remained partly oxidized, i.e., 
the behavior was intermediate between 
that of the oxidized and the unoxidized 
mineral. Although the above method is 
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sulphide, washed and put into the test solu- 
tion. The reagent combination causes oxi- 
dized or unoxidized pyrite and chalcopyrite 
to behave almost identically, and separa- 


Fic 22 


FIG 21 AND 22—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE 
NECESSARY TO PREVENT CONTACT AT MINERAL SURFACES. Bs 
KEtX = 25 mg/l. FeSO«-7H20 = 40 mg/l. Na2S-oH20 = 20 mg/l. NazCO; = nil. Tem- 
° 


perature = 35°C. 


Specimens pretreated for ro min with Na2S-9H20 solution (20 mg/I) and then washed with 


water before use. 

Fig 21 = unoxidized. Fig 22 = oxidized. 
effective, therefore, for the depression of 
pyrite when making a combined copper and 
lead: concentrate, it suffers from the dis- 
advantage of requiring adequate washing 
of mineral to remove sulphide. Since ferrous 
iron is effective in activating chalcopyrite 
and galena but not pyrite when the mineral 
is unoxidized (Fig 1), it may be feasible to 
precipitate most of the preactivating sul- 
phide as ferrous sulphide in alkaline solu- 
tion. Fig 21 and 22 illustrate the results 
when 25 mg potassium ethyl xanthate per 
liter was used as collector in a solution con- 
taining sodium sulphide and ferrous sul- 
phate. The amount of ferrous sulphate is 
stoichiometrically in excess of the sul- 
phide. The mineral specimens were pre- 
treated for 10 min in a solution of sodium 


tion is possible under the same conditions 
as those for fresh mineral. Higher additions 
of ferrous salt should improve the condi- 
tions for separation and improve the be- 
havior of galena which is depressed in the 
presence of the sulphide. The extreme sen- 
sitivity of galena to the depressant effect of 
the hydrosulphide ion was shown by Wark 
and Cox.%6 

In the absence of carbonate, separation 
of partly oxidized pyrite in the presence of 
copper sulphate (150 mg per liter) was not 
possible whether the xanthate concentra- 
tion was high or low (Fig 9 to 12). Pre- 
treatment of the oxidized mineral with 
sulphide produced a response to xanthate 


- (Fig 23) which theoretically allows a sepa- 


ration. However, it is doubtful if this sepa- 
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Fic 23—RELATIONSHIP BETWEEN PH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. 
KEtX = 25 mg/l. CuSOy-5H2O0 = 150 mg/I. NazCO; = nil. Temperature = 35°C. 
Oxidized specimens pretreated for 10 min with Na2S-9H20 solution (20 mg/1) and then washed 


with water before use. 
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Fic 24— RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. e 
KEtX = 5 mg/l. CuSO4-5H20 = 150 mg/]. NazCO3 = 150 mg/l. Temperature = 35 C. 
Unoxidized specimens pretreated for 10 min with Na2S-9H2O solution (20 mg/l) and then 
washed with water before use. 
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PH Value 
Fic 25—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT MINERAL SURFACES. | 
KEtX = 5 mg/l. CuSOy-5H20 = 150 mg/l, NazCOs = 150 mg/l. Temperature = 35°C. 


5 
Oxidized specimens pretreated for to min with Na2S-9H20 solution (20 mg/1) and then washed 
with water before use. 
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FIG 26—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A PYRITE SURFACE. 
KEtX = 5 mg/]. CuSO,- 5H:0 | = 150 mg/l. FeSO4-7H:0 = 40 mg/l. NaeS-gH:O = 20 mg/l. 
NazCO; = nil. Temperature = 35°C. 


Unoxidized specimens pretreated for to min with NasS-9H2O solution (20 mg/l) and then 
washed with water before use. 
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O = air-bubble contact. 
® = “catching” of an air-bubble. 
X = no air bubble contact. 
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tation would be practicable as both pH 
value and cyanide concentration must be 
high. 

If the concentration of xanthate was 
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sulphide, and it would be impossible, for 
example, to separate partly oxidized sphal- 
erite from partly oxidized pyrite. The 
curves are more complex than usual and 


Pw bvolve. 
Fic 27—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A PYRITE SURFACE. 
KEtX = 5 mg/l. CuSO«-5H20 = 150 mg/l]. FeSOy-7H20 = 40 mg/l. Na2S:oH20 = 20 mg/l. 
Na2CO; = nil. Temperature = 35°C. 
Oxidized specimens pretreated for ro min with Na2S-9H,0 solution (20 mg/1) and then washed 
with water before use. 
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air-bubble contact. 
“catching” of an air-bubble. 


X = no air-bubble contact. 


lowered and carbonate added (Fig 14 and 
15), separation of sphalerite (oxidized and 
unoxidized) from pyrite (oxidized and un- 
oxidized) was possible without pretreat- 
ment with sulphide, but such pretreatment 
considerably increases the range of condi- 
tions for separation (Fig 24 and 25). What- 
ever method is adopted the cyanide concen- 
tration is more critical than the pH value. 

Fig 26 to 31 show the results when fer- 
rous sulphate and sodium sulphide were 
used in conjunction with copper sulphate, 
low xanthate and no carbonate for min- 
erals pretreated with a sodium sulphide 
solution. The ferrous and copper sulphates 


were not effective in removing the added 


possibly the solutions are not in equilib- 
rium since the minerals were given only the 
usual 30-min conditioning period. Longer 
conditioning periods appeared undesirable 
from a practical angle. The sequence of the 
curves for each mineral seems logical and 
the nonflotation or noncontact when cya- 
nide is absent (e.g., chalcopyrite and spaler- 
ite) points to the effective depressant action 
of sulphide. Sulphide depresses galena, 
sphalerite and chalcopyrite strongly 
whereas pyrite can tolerate relatively high 
concentrations of sulphide. For pH values 
between.7.5 and 10.5 (Fig 28) chalcopyrite 
was depressed by the sulphide (absence of 
cyanide), whereas pyrite can be floated 
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(see island of flotation, Fig 26). The sul- 
phide becomes less effective at pH values 
outside this range because only the ion SH- 
is effective as a depressant.*® 


OF SULPHIDE MINERALS 


is very small so that collector consumption 
is negligible, and only the primary condi- 
tion for flotation, viz., air-mineral adhesion, 
is considered. Many other factors are im- 


pPY velve 
Fic 28—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A CHALCOPYRITE SURFACE. 
KEtX = 5 mg/I. CuSO,- ‘5H20_ = 150 mg/l. FeSO4-7H20 = 40 mg/l. NasS-oH20 = 20 mg/l. 
NazCO; = nil. Temperature = 35 3 CF 


Unoxidized specimens pretreated for 10 min with Na2S-9H:2O solution (20 mg/l) and then 
washed with water before use. 


_ O = air-bubble contact. 
® = “catching” of an air-bubble. 
X = no air-bubble contact. 


DISCUSSION OF RESULTS 


It will be appreciated that in systems as 
complex as those studied here, it will be 
almost impossible to interpret many of the 
data with our limited physico-chemical 
knowledge of the constitution of the solu- 
tions. Moreover, there is no guarantee that 
all the curves represent equilibrium condi- 
tions. They do, however, represent what 
would happen in a flotation circuit of the 
simplest kind when a conditioning period 
of half an hour at 35°C was used. In the 
laboratory experiments, the area of mineral 


portant in actual flotation and these must 
be considered before a successful process 
can be devised from the laboratory data. 
Despite this limitation on laboratory data, 
the more complex systems studied indicate 
how far it is possible to modify the flota- 
tion liquor, particularly if copper salts are 
present. Doubtless many processes which 
are peculiar to certain mines owe their 
success to the presence in the feed water of 
soluble salts, either originally present or. 
else due to some soluble component of the 
ore. These soluble salts may be other than 
those usually recognized as activators. 
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SUMMARY 


1. Oxidation of the sulphide minerals, 


galena, pyrite, chalcopyrite, sphalerite, 
produces soluble cations and sulphate in a 
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Na2CO; = nil. Temperature = 35 
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3. Ferrous and ferric salts both activate 
the flotation of the sulphides by ethyl 
xanthate. In conjunction with a copper salt 
and cyanide, ferrous salts improve the con- 


ealue 
Fic 29—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A CHALCOPYRITE SURFACE. 
Kapka —se me). CuSOsH20 = 150 mg/l. FeSO4-7H20 = 40 mg/l. NazS-gH20 = 20 mg/l. 


Oxidized specimens pretreated for 10 min with Na2S$-gH20 solution (20 mg/1) and then washed 


with water before use. 
O 
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neutral or acid pulp, and polythionates, 
sulphate, sulphite and thiosulphate in an 
alkaline pulp. 

2. The amount of soluble product formed 
by aeration of a suspension of a sulphide 
mineral is governed by: (a) pH value of 
pulp; (2) speed of oxygen supply to mineral 
surface; and (c) time of aeration. 

The following factors had little or no 
influence on the amount of oxidation prod- 


ucts formed within the range studied: (a) 


solid/liquid ratio; (0) size of mineral; 
(c) a monomolecular film on the mineral 
surface; and (d) temperature of the pulp. 


air-bubble contact. 
“catching” of an air-bubble. 
no air-bubble contact. 


ditions under which it is possible to sepa- 
rate sphalerite from pyrite. A ferric salt in 
conjunction with cyanide improves the 
conditions for separation of chalcopyrite 
and galena from pyrite. 

4. The anions produced by oxidation 
have little or no effect on flotation of fresh 
minerals, except that under certain condi- 
tions sulphite has a beneficial effect on the 
separation of chalcopyrite from galena and 
pyrite. 

5. “Oxidizing” a sulphide mineral 
changes the response of that mineral to 
ethyl xanthate. This leads to: (a) greater 
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Fic 30—RELATIONSHIP BETWEEN pH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A SPHALERITE SURFACE. : 
KEtX = 5 mg/l. CuSOy-5H20 = 150 mg/l]. FeSOu-7H20 = 40 mg/l. NaeS-gH20 = 20 mg/l. 
Na2CO; = nil. Temperature = 35°C. 


Unoxidized specimens pretreated for 10 min with Na2S-9H2O solution (20 mg/l) and then 
washed with water before use. 
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= air-bubble contact. 
® = “catching” of an air-bubble. 
X = no air-bubble contact. 
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Fic 31—RELATIONSHIP BETWEEN PH VALUE AND CONCENTRATION OF SODIUM CYANIDE NECESSARY 
TO PREVENT CONTACT AT A SPHALERITE SURFACE. 
KEtX = 5 mg/I. CuSO4-5H2O = 150 mg/l. Tate 7H20 = 4o mg/I. Na2S-oH:0 = 20 mg/l. 
NazCO; = nil. Temperature = 35°C 


Oxidized specimens pretreated for 10 min aay Na.S:- oa solution (20 mg/l) and then washed 
with water before-use. 
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. O = air-bubble contact. aes 
® = “catching” of an air-bubble. 
X = no air-bubble contact. _ 


ae 


ENID C. PLANTE AND K. L. SUTHERLAND 


tolerance to the depressant action of cya- 
nide and alkalis; (5) difficulty in separation 
of oxdized chalcopyrite from oxidized py- 
rite; and (c) impossiblity of separating a 
mixture of oxidized and unoxidized chal- 
copyrite from a mixture of oxidized and 
unoxidized pyrite. 

6.. With copper as an activator, oxida- 
tion improves the separation of sphalerite 
from pyrite provided correct reagent 
conditions are chosen. 

7. Neither ferrous nor ferric salts im- 
prove the conditions for separation of sul- 
phides which are partly oxidized. 

8. If oxidation can be completed by 
using a reagent such as permanganate, 
separations may be more effective. 

g. Pretreatment with sulphide is shown 
to be an effective method of ensuring more 
- uniform behavior of a mineral which has 
oxidized and unoxidized surfaces. 

10. Pretreatment with sulphide, followed 
by washing with water, leads to identical 
behavior of oxidized and unoxidized pyrite 
and galena. Oxidized chalcopyrite is partly 
restored to its original state and the separa- 
tion of a copper-lead concentrate from a 
pyritic ore is made easier. 

11. To avoid the necessity for removal of 
sulphide after pretreatment, ferrous sul- 
phate has been added to precipitate the sul- 
phide. Galena and chalcopyrite can then be 
separated from pyrite. 

12. In the presence of copper, separation 
of partly oxidized sphalerite from partly 
oxidized pyrite is difficult. The separation 
is not improved by pretreatment with 
sodium sulphide. 

13. Pretreatment with sulphide, followed 
by removal of sulphide with copper and 
ferrous salts does not lead to better separa- 
tion of pyrite and sphalerite. The re- 
sults obtained could not be satisfactorily 
explained. 

14. Some of the solutions used in this 
investigation are of a degree of complexity 
approaching that of solutions of mill cir- 
cuits. It is hoped that the results reported 
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may be helpful to the operator in inter- 
preting his own results and in improving 
his processes. 
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Flotation of Unoxidized and Oxidized Sulphide Minerals—Anti- 
monite, Arsenopyrite, Covellite, Lollingite, Marcasite, Orpiment, 
Pyrrhotite and Tetrahedrite 


By Eni C. PLANTE* 


(New York Meeting, February 1948) 


INTRODUCTION 


To extend our knowledge of the flotation 
behavior of sulphide minerals, the response 
of the following minerals to ethyl xanthate 
as collector was studied by captive bubble 
and cylinder flotation tests: antimonite 
(Sb2S3), arsenopyrite (FeAsS), covellite 
(CuS), marcasite (FeS2), orpiment (As2Ss), 
pyrrhotite (FeS) and tetrahedrite (4CU2S, 
Sb2S3). Lollingite (FeAs2) was also exam- 
ined to determine if its behavior could be 
correlated with that of pyrite or marcasite 
(FeS.). 


EXPERIMENTAL METHOD 
Mineral for Flotation and Contact Tests 


Mineral was prepared in the manner al- 
ready described! and its behavior both 
freshly ground and “‘oxidized”’ was studied. 
Tests in which the mineral was allowed to 
oxidize for various periods showed that a 
uniform response to xanthate was reached 
in two days or less. 


Oxidation Products 


The soluble oxidation products from 
most of the above minerals were measured 
and their effect on the flotation of the min- 
. eral studied. 


Manuscript received at the office of the 
Institute July 29. 1946. Printed without author’s 
corrections. Issued as TP 2298 in MINING 
‘TECHNOLOGY, January 1948. , 

* Division of Industrial Chemistry, Council 
for Scientific and Industrial Research, Mel- 
bourne, Victoria, Australia. 

1 References are at the end of the paper. 


The mineral samples were wet ground to 
minus-52 mesh and deslimed, and 20 g of 
this material placed in 200 ml of distilled 
water of a measured pH value, and CO:- 
free air bubbled through each suspension 
at a constant rate (about 1 bubble/sec) for 
5 days. It has been shown! that the size of 
the mineral is unimportant in the rate of 
formation of oxidation products and that 
probably the supply of oxygen to the min- 
eral is the rate-determining step. At the end 
of 5 days the pH value of the supernatant 
liquid was measured again, the mineral 
filtered off and the soluble products 
determined. 

Methods for estimation of sulphur acids, 
ferrous and ferric iron and copper have al- 
ready been described. No satisfactory 
method was found for antimony. Arsenic 
was estimated as the arsenate.” 


FLOTATION OF “UNOXIDIZED” MINERALS 
with ETHYL XANTHATE AS COLLECTOR 


Fig 1 to 3, 4. 6, show the effect of alkali 
and cyanide as depressants for the minerals 
with 25 mg potassium ethyl xanthate per 
liter as collector at 35°C. Wark and Cox 
have shown that with ethyl xanthate as 
collector, galena, pyrite and chalcopyrite 
show a greater tolerance to cyanide and 
hydroxyl ions at room temperature than at 
35°C. Covellite (Fig 1), marcasite (Fig 2) 
and pyrrhotite (Fig 3) behave similarly. 
The independence of the curves for pyr- 
rhotite at 35°C with respect to cyanide 
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Igo FLOTATION OF UNOXIDIZED AND OXIDIZED SULPHIDE MINERALS 
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Fic 1—CovELLITE. 

Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a covellite surface. 

KEtX = 25 mg/l. R.T. = Room Temperature. 

In this and the following curves, unless otherwise indicated: 

— = unoxidized mineral, temperature as shown. 

—-—- = oxidized mineral, temperature as shown. 

(R.T. curve after Wark and Cox.) 
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Fic 2—MarcasIrte. 


Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a marcasite surface. 


KEtX = 25 mg/l. 
(R.T. curve after Wark and Cox.) 
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PY valve 
' : 3 Fic 3—PYRRHOTITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a pyrrhotite surface. 


KEtX = 25 mg/l. 
(R.T. curve after Wark (unpublished).) 
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Fic 4—LOLLInGITE. 
Relationship between pH value and concentration of sodium cyanide ne 
contact at lollingite surface. 
KEtX = 25 mg/l. 
Temperature = 35°C. 


cessary to prevent 
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additions as high as too mg NaCN per 
liter is caused by the very small amount of 
cyanide ion present in solution. For an 
addition of 100 mg NaCN per liter the 
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Fic 5—ARSENOPYRITE. 
Relationship between pH value and concen- 
tration of sodium cyanide necessary to prevent 
contact at arsenopyrite surface. 
KEtX = 25 mg/l. 
Temperature = 35°C. 


actual amount of cyanide ion in solution at 
pH 5 is 0.0025 mg per liter. Hence an addi- 
tion of 40 g of sodium cyanide per liter 
would be necessary to give a concentration 
in solution of 1 mg CN~ per liter and this 
amount is probably not sufficient to cause 
depression. Even below pH 5s, where con- 
tact is possible, the pyrrhotite floats poorly. 
The behavior of two minerals containing 
arsenic—lollingite (Fig 4) and arsenopyrite 
(Fig 5)—was also investigated. The results 
with arsenopyrite could not be closely du- 
plicated in the absence of copper in solu- 
tion. On another occasion curves fell to the 
left of those given in Fig 5. This lack of 
reproducibility is most unusual and cannot 
be explained. It may be related to varia- 
tions in composition between the different 
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specimens although all were mineralogically 
pure. 


FLOTATION OF “OXIDIZED”? MINERALS 


Exposure of a cleaved or polished sul- 
phide surface to aerated water for two days 
enables pyrite, galena and chalcopyrite to 


tolerate higher concentrations of cyanide — 


and alkali! for a given collector concentra- 
tion. Oxidation also increases the tolerance 
of covellite (Fig 1), pyrrhotite (Fig 3), and 
tetrahedrite (Fig 6) to both cyanide and 
alkali. 

Results for marcasite are shown in Fig 2. 
Lollingite (Fig 4), which will be considered 
with the sulphides as its flotation behavior 
is similar, shows decreased tolerance to 
alkali and slightly increased tolerance to 
cyanide when oxidized. Antimonite and 
orpiment do not float either in the unoxi- 
dized or oxidized state, with xanthate alone 
as collector. 

Oxidation may affect flotation in two 
ways: (1) by alteration of the mineral sur- 
face with a consequent effect on adsorption 
of xanthate, and (2) by formation of oxida- 
tion products which may have depressant 
or activating effects. For most sulphides, 
particularly those containing copper, it is 
difficult to decide whether activation fol- 
lowing oxidation is caused by alteration of 
the mineral surface or by the effect or solu- 
ble oxidation products. It has been shown! 
that anionic oxidation products have no 
effect on the flotation of galena, chalcopy- 
rite, pyrite or sphalerite. The cations Cut*, 
Fet*, Pbt*, Agt, in general cause activa- 
tion but they are probably not formed in 
sufficient quantity—with the exception of 
Fe** from marcasite and Cut from covel- 
lite (Table 1) to have any effect. 


EFFECT OF SULPHIDE ION 


Wark and Cox have shown that sulphide 
ion in solution depresses ‘“‘ unoxidized’? sul- 
phide minerals with ethyl xanthate as 
collector. Pretreatment of an unoxidized 
sulphide with sodium sulphide solution, 
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PH Velse 
} : Fic 6—TETRAHEDRITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at tetrahedrite surface. 
KEtX = 25 mg/l. 
(R.T. curve after Wark (unpublished).) 
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pH Valve 
Fic 7—MARCASITE. 
Relationship between pH value and concentration of 


contact at a marcasite surface. 


KEtX = 25 mg/l. 
Mineral pretreated to min in 20 mg NazS-9H.0 per liter and th 


sodium cyanide necessary to prevent 


en washed with water before 


use 
° 


Temperature =ea5nGe 
= oxidized mineral, pretreated with Nazs. 


= oxidized mineral, not pretreated (dotted curve Fig 2). 
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followed by washing of the mineral with 
water, had no effect on subsequent flota- 
tion.! On the other hand, pretreatment of 
oxidized sulphides with sulphide solution 
restored the behavior of galena and pyrite 
to that of the unoxidized mineral, whereas 
the behavior of oxidized chalcopyrite pre- 
treated with sulphide was intermediate 
between that of oxidized and unoxidized 
mineral. Pretreatment of oxidized mar- 
casite with sodium sulphide however had a 
strongly depressant effect on its flotation 
(Fig 7), there being a small region of flota- 
tion only between pH of 8 to 10 and at cya- 
nide concentrations below 5 mg per liter. 
This depression is not caused by residual 
sulphide ion in solution since similar treat- 
ment of unoxidized mineral produced no 
depression, indicating that all sulphide has 
been washed away. 


COPPER SULPHATE AS AN ACTIVATOR 


Carbonate Present in Solution 


Fig 8 and 9g, and 12 to 15 show the re- 
sponse to 5 mg potassium ethyl xanthate 
per liter of antimonite, arsenopyrite, mar- 
casite orpiment, tetrahedrite and lollingite 
in the presence of 150 mg per liter of both 
copper sulphate and sodium carbonate. All 
tests were at 35°C. Oxidation of galena, 
pyrite, chalcopyrite and sphalerite de- 
creases the tolerance of the mineral to 
alkali and cyanide below the inflection of 
the curve at 70 to 90 mg per liter.! The ini- 
tial reaction in solution between cyanide 
and copper sulphate is precipitation of 
white cuprous cyanide.’ 


CN- + Cutt = CuCN | + CN; 


Additional NaCN dissolves the precipitate 
to form a soluble cuprocyanide: 


CN- + CuCN = [Cu(CN),].- 


Thus when the molecular ratio of NaCN to 
copper sulphate reaches 3:1, i.e., theoret- 
ically at a concentration of 88 mg per liter 
of NaCN for a 150 mg per liter solution of 
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CuSO,4°s5H;0, all the copper in solution is 
converted into the complex ion Cu(CN)s7. 

Until the addition of NaCN reaches a 
value which is stoichiometrically equivalent 
to the soluble copper sulphate for formation 
of the complex, the cyanide-ion concentra- 
tion in solution is very low, but as soon as 
this value is exceeded, further addition of 
sodium cyanide raises the concentration of 
cyanide ion in solution rapidly with conse- 
quent depression of the mineral. The min- 
eral may be depressed at concentrations 
other than 88 mg per liter of NaCN because 
of the complexity of the system—e.g., 
precipitation of some of the copper by 
hydroxyl or carbonate, or the possible for- 
mation of other copper cyanide complexes 
which may depress. Wark® suggests that 
the cuprocyanide ion may depress pyrite 
under some conditions. 

Antimonite (Fig 8) when oxidized be- 
haves the same as the unoxidized mineral 
at cyanide concentrations above 75 mg per 
liter but below this there is greater depres- 
sion of the oxidized mineral. There is a 
region of poor flotation at about 20 mg per 
liter of NaCN and pH of 6 to 7. Wark and 
Sutherland® have shown that with low 
xanthate concentration (5 mg per liter) and 
sodium carbonate present in solution with 
copper sulphate, there is often an island of 
nonflotation centered about 30 mg per liter 
of NaCN and pH of 6.5. Unoxidized arseno- 
pyrite exhibits a large island of this type 
(Fig 9). The oxidized mineral shows a lower 
tolerance to cyanide and alkali throughout 
the whole range which is unusual, and the 
boundary of the island of nonflotation has 
merged into that of the main region of non- 
flotation to give a continuous curve, with 
the shape of the island still maintained. 
Depression of the oxidized mineral might be 
caused by arsenic oxidation products. Table 
1 shows that arsenic is produced in appre- 
ciable quantity when arsenopyrite is oxi- 
dized. Fig 10 and 11 show that arsenite and 
arsenate have a depressant effect on the 
flotation of arsenopyrite in the absence of 
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pl Valve 
Fic 8—ANTIMONITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at an antimonite surface. 
KEtX = 5 mg/I. 
CuSO,4-5H20 = 150 mg/l. 
NaeCOs3 = 150 mg/l. 
Temperature = 35°C. 
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PH vate 
Fic 9—ARSENOPYRITE. ; 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 


contact at an arsenopyrite surface. 
“hi KEtX = 5 mg/l. 
-p2CuSO,-5H:O = 150 mg/l. 
oj Na2COs = 150 mg/l. 
+ GPeriperature = 35°C." > 
(Unoxidized curve after Wark and Sutherland.®) 
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copper. However these results should be 
considered only to show the general trend of 
the behavior of arsenopyrite as some doubt 
exists about the reproducibility of results. 


Conc? NaN -mG/. LL 


FLOTATION OF UNOXIDIZED AND OXIDIZED SULPHIDE MINERALS 


Orpiment (Fig 13). The curves for oxi- 
dized and unoxidized surfaces cross at a 
cyanide concentration of about 30 mg per 
liter. 


pP 4H bole 


FIG 1o—ARSENOPYRITE. 
Relationship between pH value and concentration of sodium cyanide necessarv to prevent 
contact at an arsenopyrite surface. 
KEtX = 25 mg/I. 


Temperature 


35°C. 


Hou uo 


Marcasite (Fig 12) when unoxidized 
shows a greater sensitivity to cyanide than 
do the other minerals but the curve is of the 
normal type. Wark and Sutherland® have 
shown (their Fig 2) successive stages in 
departure from the standard type of curve 
as depressant conditions are intensified 
with xanthate type of collector and in the 
presence of a copper salt. The curve for 
marcasite is like Type D of this series and 
is like the curve for pyrite under the same 
conditions except that instead of 150 mg 
per liter there is 1500 mg per liter of sodium 
carbonate in tkeir solution (their Fig 6). 
Oxidized marcasite does not float under 
these conditions and thus differs from the 
other sulphides, notably from pyrite which 
has the same composition. 


unoxidized, no other addition. 
unoxidized, 50 mg potassium arsenite per liter. 
unoxidized, 50 mg As2Q; per liter. 


Tetrahedrite. (Fig 14) behaves normally, 
exhibiting a high tolerance to cyanide when 
unoxidized, the critical pH value being 
above 9.5 at 120 mg per liter of NaCN. 
Even in the absence of copper it is high 
(> 9) (Fig 6). When oxidized, the mineral] 
shows a lower tolerance to cyanide and 
alkali ion, and there is a small island of non- 
contact about pH of 6.5 and 30 mg of 
NaCN per liter. 

Lollingite (Fig 15) when unoxidized be- 
haves similarly to arsenopyrite and there is 
an island of nonflotation about pH of 6.5 
and 4o mg per liter of NaCN. Oxidation, as 
with arsenopyrite, depresses the lollingite 
but to a more marked degree and the max- 
imum cyanide concentration at which flota- 
tion occurs is 35 mg per liter at pH of 7.5 to 
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8. On either side of this pH value the region 
of flotation increases with decreasing cya- 
nide concentration. There is a region of non- 
flotation for cyanide at o to 4 mg per liter 
and at pH of 8.4 to 10. Whether these 
effects are partly or wholly caused by oxida- 
tion products is unknown. It is not known 
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probably related to the presence of copper 
in solution as it is not nearly so marked in 
the absence of copper (Fig 4). 

Absence of Carbonate 


The effect of omitting sodium carbonate 
from the above system is seen for marcasite 


PH vole 


Fic 11—ARSENOPYRITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 


contact at an arsenopyrite surface. 
KEtX = 25 mg/l. 
Temperature x 


| 


how oxidation of the lollingite (FeAS2) 
proceeds—analyses of its oxidation prod- 
ucts have shown that sulphur acids are 
formed (Table 1) so that there are sulphur- 
containing impurities in the mineral used. 
Soluble anionic sulphur-containing oxida- 


~~ tion products formed from the sulphides 


are unlikely to affect flotation’ but it could 
be affected by anionic arsenic products, 
e.g., arsenate, or by soluble cationic oxida- 
tion products. Table 1 shows that very 
little arsenate or iron is formed on oxidation 
of the lollingite, and the depression is 


oxidized, no other addition. 


oxidized, 50 mg potassium arsenite per liter. 
oxidized, so mg As2Os per liter. 


in Fig 16. The tolerance of the unoxidized 
mineral to cyanide is much increased and. 
the curve is similar in shape to that for 
oxidized arsenopyrite in the presence of 
NazCO;3, CuSO, and low xanthate (Fig 9), 
in which the island of nonflotation has 
merged into the general region of non- 
flotation, to give a continuous curve. It is 
unusual to get islands of nonflotation in the 
absence of carbonate at 35°C. They are 
more usual with high Na2CO, and low 
xanthate when copper is present. Wark and 
Sutherland? have shown that carbonate ion 
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influences the behavior of sulphides in the 
presence of copper because it forms basic 
carbonate precipitates with the copper. 
This may result in less cyanide being tied 
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see how the curve for 25 mg of xanthate per 
liter is developed from that for 5 mg per 
liter, the region of nonflotation of the island 
and the general region merging into one 


PH vale 

Fic 12—MARCASITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a marcasite surface. 


KEtX = 5 mg/l 

CuSO, = 150 mg/] 

Na2CO; = 150 mg/l 

Temperature = 35°C. 

— = unoxidized mineral. 

© = air-bubble contact. 

® = “catching” of air-bubble. 
x = noncontact of air-bubble. 


up as complex copper cyanide ions, and so 
more free cyanide is available in solution 
at lower cyanide additions, which accounts 
for the decreased tolerance to cyanide in the 
presence of carbonate. The oxidized min- 
eral also floats at pH values below 6. 


XANTHATE CONCENTRATION 


With 150 mg of both copper sulphate and 
sodium carbonate per liter in solution, the 
effect of xanthate concentration on the 
flotation of arsenopyrite is seen in Fig 17. 
With 25 mg of potassium ethyl xanthate 
per liter the flotation region is depressed 
well below that for 5 mg per liter. One can 


another and the area below 50 mg of NaCN 
per liter becoming one of nonflotation. 
This depression by higher xanthate is very 
unusual; usually the higher xanthate in- 
creases the tolerance to cyanide and alkali 
ions.! Although there is some doubt about 
the validity of results for arsenopyrite, 
these results have been checked by contact 
and cylinder tests and the effect seems to be 
a real one. 

The flotation curves for unoxidized and 
oxidized covellite under the same condi- 
tions are shown in Fig 18. Oxidation de-. 
presses the mineral and decreases its 
tolerance to cyanide. 
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PH Valve 


; < Fic 13—ORPIMENT. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at an orpiment surface. 
KEtX = 5 mg/1. 
CuSO,-5H:20 = 150 mg/l. 
Na2CO3 = 150 mg/l. 
Temperature = 35°C. 
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Fic 14—TETRAHEDRITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a tetrahedrite surface. 
KEtX = 5 mg/l. 
CuS0O.4-5H20 = 150 mg/l. 
NazCOs = 150 mg/l. 
Temperature = 35°C. 
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PHY Velue 


Fic 15—LOLLINGcITE. 
Relationship between pH value and concentration of sodium cyanide necessary to prevent 


contact at a lollingite surface. 
KEtX = 5 mg/l. 
CuSO4:5H20 = 150 mg/l. 
Temperature = 35°C. 
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é Fic 16—MarcasITE, 

Relationship between pH value and concentration of sodium cyanide necessary to prevent 
contact at a marcasite surface. 

KEtX = 5 mg/l. 

CuSO,4:5H:;0 = 150 mg/l. 

Na2CO; = Nil. 

Temperature = 35°C. 
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; , Fic 17—ARSENOPYRITE. 
Relationship between pH value and concentration of sodium cyanide necessar 


contact at an arsenopyrite surface. 
KEtX = 25 mg/l. 


y to prevent 


25 mg/l. 


35 vu: 
unoxidized mineral. KEtX 
5 mg/l. (from Fig 9). 


unoxidized mineral. KEtX 


CuSO,-5H:O0 = 150 mg/l. 
NazCO; = 150 mg/l. 
Temperature = 35° 
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Fic 18—CovELLITE. 
Relationship between pH value and concentration of sodium cyanide necessary to pre 


vent 


contact at a covellite surface. 
KEtX = 25 mg/l. 
CuSOsH20 = 150 mg/I. 
Na:COs 150 mg/l. 
Temperature = 35°C. 
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OXIDATION PRODUCTS 


Table 1 shows the soluble oxidation prod- 
ucts found after oxidation of the minerals as 
described on page 189. Two suspensions of 
each mineral were oxidized, one with the 
pulp starting close to the neutral pH value 
7 and the other at the alkaline pH value 
of 10.7. 

The pH values of the solutions after oxi- 
dation varied considerably, e.g., antimonite 
and tetrahedrite maintained values above 7 
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effect, the 11 mg per liter of Cut+ from 
covellite will activate and the arsenic from 
arsenopyrite may have a depressant effect. 
The smaller amounts of ferrous iron, ferric 


iron and copper—all less than 10 mg per ~ 


liter—are probably insufficient to have any 
noticeable effect on flotation. 


SUMMARY 


1. The flotation of antimonite, arseno- 
pyrite, covellite, lollingite, marcasite, orpi- 


TABLE 1—Soluble Oxidation Products 


pH Value of Liquid 


Mineral At Start fy. 
; er 
of Oxi- Hace 
dation 5 y 
Antimonite;<, <3 oo. 0608 6.8 7.5 
Aritimonites. Sc cieroeisels ie 10.7 9.2 
Arsenopyrite............-. 6.8 Bet 
Arsenopyrite............. 10.7 6.9 
Covyelliten: Sic wctihtes 6.8 5-7 
Govellitesc soc are ere shen 10.7 6.9 
Eollingite Ss wccns rain eee 6.8 Ak 
Lotlingite Gigniiees ood cote 10.7 Ye 4 
IMA TCASILE <i favausisiaie s sheresnce 6.8 2.5 
IMarCasibG Ah antec cninaccee.e 10.7 335 
Orpimentiis f-cccrcecan ow om 6.8 3.9 
Orpinient) oes hoes tee 10.7 B.S 
Pysrnotite ccase seemed cos 6.8 5.1 
PV Crhotite nace eacn see uaet 10.7 10.7 
Tetrahedrite.cccccen nace 6.8 ay 
Tetrahedrite 2 .6..0:0..0 ce 10.7 8.4 


for both solutions, whereas the marcasite 
solutions dropped rapidly to very low 
values. However, the much smaller amount 
of ferrous iron resulting from the “alkaline” 
pulp indicates that the pH of this pulp was 
probably higher than that of the “acid” 
one for most of the oxidation period. In all 
solutions the amount of sulphur acids 
formed was greater when the initial pH 
value was high. This was also found when 
galena and others were oxidized.! 

None of the anionic sulphur oxidation 
products affect flotation of minerals studied 
previously! so it is unlikely that they will 
affect flotation of the minerals studied here. 

Of the cationic products, the ferrous iron 
from marcasite at pH of 6.8 to 2.5 (49 mg 
per liter) may have a small activating 


Fet++ 


Oxidation Product, mg per liter 


Arsenic 
(as Arse- 
nate) 


ment, pyrrhotite and tetrahedrite has been 
studied. The soluble oxidation products 
formed from these minerals were also 
investigated. 

2. In general, oxidation increases the 
tolerance of the minerals to cyanide and 
alkali ion with ethyl xanthate as collector. 
The activation caused by oxidation is prob- 
ably due to alteration of the mineral sur- 
face and its effect on xanthate adsorption 
rather than to the effect on the mineral 
of the oxidation products formed. 

3. Pretreatment of oxidized marcasite 
by sodium sulphide solution strongly de- 
presses the mineral. 

4. These minerals when unoxidized are 
activated by the presence of copper and 
carbonate in solution. Oxidation depresses 
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-antimonite, arsenopyrite, marcasite, tetra- 
hedrite and lollingite in the presence of 
copper and carbonate. 

5. Omission of carbonate from the sys- 
tem increases the tolerance of marcasite to 
cyanide and alkali ions. 

6. Raising the xanthate concentration in 
the presence of copper and carbonate de- 
presses unoxidized arsenopyrite. 

7. Oxidation of the minerals produces 
mainly thio-acids which have been esti- 
mated as sulphate. It is unlikely that these 
thio-acids will affect the flotation of the 
minerals.! Soluble arsenic compounds are 
formed when arsenopyrite is oxidized and 
may cause depression. The only cations 
produced in appreciable amount are ferrous 
iron from marcasite and copper from covel- 
lite. The copper will activate the covellite 
and the ferrous iron will probably activate 
also. ‘ 
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The Determination of Oxide Lead in Ores and Concentrator 
Products 


By R. S. Younc,* MemsBer AIME, A. GoLttepcEet AnD H. L. Tatsot,{ MemBer AIME 
(New York Meeting, March 1947) 


THE differentiation of oxidized forms of 
lead from lead sulphide in complex prod- 
ucts by chemical analysis is of considerable 
importance to certain mining and metal- 
lurgical companies. A method for the 
separation of ‘‘oxide”’ lead, (non-sulphide), 
from sulphide lead, based on the solubility 
of the former and virtual insolubility of 
the latter in concentrated ammonium 
acetate solution, has been employed for 
many years in the industry.4:? Unfortu- 
nately this solvent, while satisfactory for 
lead sulphate and carbonate, is without 
action on lead phosphates or vanadates, 
with the result that at Rhodesia Broken 
Hill Development Co. where these latter 
minerals are present, they have counted 
as sulphides when using this procedure. 
For the control of operations in the new 
concentrator it became necessary to have 
a closer check on sulphide lead than could 
be obtained by the only current method of 
differentiating this constituent from oxi- 
dized lead. 

For some time this problem has engaged 
our attention, and after a large number of 
solvents had been tried, the following 
procedure was evolved. Like all methods 
depending on selective solution in a com- 
~ Manuscript received at the office of the 
Institute June 20, 1947. Issued as TP 2303 in 
MINING TECHNOLOGY, March 1948. 

* Chief Research Chemist, Central Labor- 
atory, Nkana, Northern Rhodesia. 

+ Chemist, Central Laboratory, Nkana, 
Northern Rhodesia. 

t Consulting Metallurgist, Anglo American 
Corporation of South Africa, Johannesburg, 


South Africa. 
1 References are at the end of the paper. 


plex material, it will not give roo pct separa- 
tion into oxide and sulphide portions. 
Because of the ease of oxidation of galena 
this is almost an impossibility. Our pro- 
cedure will, however, give a recovery of 
99-100 pct of the oxidized lead, con- 
taminated with very small quantities of 
lead sulphide, and a corresponding re- 
covery of 97-98 pct of the sulphide lead. 
The procedure is simple and reproducible, 
and gives results quite satisfactory for 
routine control purposes. 


EXPERIMENTAL 


For this work standard samples of the 
following pure lead minerals were obtained 
from Broken Hill, Northern Rhodesia. 
These were hand-picked specimens, and 
were carefully ground to —200 mesh. 
Since it was realized that a fair-sized 
sample would be necessary for this work 
to thoroughly test the large number of 
procedures we had in mind, a compromise 
had to be effected between a few grams 
of very pure minerals and a large sample 
of lower grade material. For this work the 
presence of gangue was not deleterious, 
so long as the oxide lead minerals did not 
contain lead sulphide, and vice versa. 

Table 1 shows the lead minerals used, 
and their total lead content, both theoret- 
ical and actual. Apart from the pyro- 
morphite the minerals are seen by analysis 
to be quite pure. 

Many solutions were tried in an effort 
to dissolve the oxidized lead minerals and 
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leave the sulphide intact, or to selectively 
attack sulphides. Among these might be 
mentioned dilute HCl, NH,Cl, dilute sul- 
phuric acid saturated with SO: in presence 
of ammonium acetate, dilute NaOH, Hs- 
PO., NH,NOs;, NaCl + FeCls, dilute HF, 
NH,OH, dilute FeSOa, KOH + (NH,4)Co- 
H;O2, NH«Cl + (NH.)C2H3:02, HCI0.. 
Several variations in reagent concentra- 
tion, time of contact, and temperature were 


TABLE 1—Composition of Lead Minerals 


Employed 
Percentage 
Lead 
Mineral Formula 

Theo- 

retical Actual 
Galena....... PbS 86.6 | 81.60 
Anglesite..... PbSO4 68.3 | 67-73 
Cerussite..... PbCOs 77.5 | 73-23 
Pyromorphite.| 3PbsP20s-PbCls 76.4 «| 57. 02 
Descloizite. ..| 2PbO-2ZnO-V20s-H2C} 51.2 | 48.18 
Vanadinite...| PbsV20s-PbClz 73-4 | 69.35 


employed for the more promising solvents, 
but it was invariably found that a solvent 
powerful enough to completely dissolve the 
oxidized lead minerals attacked the sul- 
phides to an extent sufficient to condemn 
the procedure. 

Finally, the solubility of anglesite and 
cerussite and insolubility of other forms 
of lead in ammonium acetate solution, 
and the relative insolubility of lead sulphide 
coupled with the solubility of lead phos- 
phate and vanadates which we found in 
dilute perchloric acid solution, suggested 
a promising procedure. The latter consists 
of first leaching with ammonium acetate 
when lead sulphate and lead carbonate, 
together with any lead oxide if present, 
will be dissolved, leaving the other forms 
of lead in the residue. Treatment of the 
~ latter with 10 pct perchloric acid in the 
cold under the conditions outlined below 
will dissolve pyromorphite, descloizite, 
and vanadinite, while leaving lead sulphide 
relatively unattacked. Thus a good differ- 
entiation between sulphide and oxidized 
- forms of lead is secured. 
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Dilute perchloric acid was found to be a 
good solvent for oxidized lead minerals, 
the high solubility of lead perchlorates 
aiding the reaction. Cold perchloric acid, 
of course, is such a weak oxidizing agent 
that it does not even liberate iodine from 
iodides dissolved in it, and for this reason 
has little action on sulphides. 


PROCEDURE 


The procedure finally adopted was as 
follows: 

Weigh out 1 g of —200 mesh sample 
into a small stoppered Erlenmeyer flask 
and add 100 ml of 60 pct ammonium 
acetate solution. Allow to stand at room 
temperature for 114 hr, shaking the flask 
every 10-15 min. Filter through a 15 cm 
No. 42 Whatman paper and wash by 
decantation thoroughly with cold water, 
retaining as much of the residue in the 
beaker as possible. A small quantity of 
material will unavoidably pass onto the 
filter paper, but this should be kept to a 
minimum. The filtrate contains lead 
present as sulphate, carbonate, and oxide. 

Replace the original flask under the 
funnel and pour through the paper too ml 
of cold 10 pct perchloric acid.* Reserve 
any lead sulphide residue on the paper 
for addition to final sulphide residue. 
Stopper the flask and allow to stand at 
room temperature for 2 hr, shaking the 
flask for a few seconds every 10-15 min. 
Filter through a 15 cm No. 42 Whatman 
filter paper having an 11 cm No. 42 paper 
as a cone outside the former, and wash 
thoroughly with cold 1 pet perchloric acid. 
The remaining oxide lead minerals like 
pyromorphite, descloizite, and vanadinite 
are in the filtrate, while lead sulphide 
remains on the filter paper. 

Owing to the tendency for finely-divided 
lead sulphide to oxidize on exposure to air 
and moisture, the filtrations should be 
carried through as rapidly as possible, 


*to pet by volume concentrated perchloric 
acid, 72 pct. = 
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and prolonged washing should be avoided. 
The presence of laboratory fumes increases 
this tendency of lead sulphide to oxidize. 

If the lead minerals are very finely 
disseminated in a siliceous gangue it may 
be necessary to add a few drops of HF 
to the sample during both leaches. Small 
quantities of HF are without effect on 
lead sulphide, as high as 5 pct HF dis- 
solving insignificant amounts under the 
conditions of the above procedure. 

The oxide lead in the filtrates from the 
ammonium acetate and perchloric acid 
treatments may be combined and lead 
determined by any suitable procedure. 
They may also, if desired, be determined 
separately, thus differentiating between 
lead present as sulphate or carbonate and 
lead found as phosphate or the vanadates. 
The final residue of lead sulphide may be 
easily dissolved in nitric acid and bromine, 
and lead determined as usual. 

Owing to the time required to decom- 
pose the finely-divided mineral particles 
carried into the filter paper following the 
perchloric acid treatment, it will be found 
preferable to determine sulphide lead from 
the relation: total lead — oxide lead = 
sulphide lead. 


RESULTS 


The pure minerals were first investigated 
singly, and Table 2 illustrates the results 
obtained: 


TABLE 2—Extraction of Lead by Ammonium 
Acetate and Perchloric Acid, Respectively 


Lead Ex- Lead Ex- 
tracted by tracted by 
Lead i ee Perchloric 
Riera Pres- cetate Acid 
ent, 
Grams 
er r 
Grams Gant Grams Gant 
Galena...( 4502 0.8160/0.0037] 0.45]0.0175| 2.14 
Anglesite...... 0.6773|0.6772|100 
Cerussite......]/0.7323]0.7321/100 
Pyromorphite..]0.5712]/0.0047| 0.82/0.5711|100 
Descloizite. ...]o. 4818]0.0026} 0.54]0. 4794] 90.5 
Vanadinite....]0.6935/0.0035| 0.50/0.6876| 90.1 


The small quantities of lead extracted 
from galena, pyromorphite, descloizite, 
and vanadinite by ammonium acetate 
are undoubtedly in large part the result 
of traces of lead sulphate and carbonate 
present on these minerals. This is indicated 
by the fact that the quantity of lead 
extracted remained substantially the same 
with variations in time of contact, tem- 
perature, and concentration of ammonium 
acetate. Even if some of this were caused 
by inherent solubility of these minerals 
in ammonium acetate, however, the per- 
centage of the total lead extracted, ranging 
from 0.45 to 0.82 pct, is low enough to be 
ignored in works practice. 

Perchloric acid treatment of the mixed 
sulphide-oxide residue from the ammonium 
acetate leach results in g9-I00 pct extrac- 
tion of the oxide portion, with the simul- 
taneous solution of about 2 pct of the 
lead present as sulphide. This degree of 
accuracy is almost within that allowed for 
sampling and analytical variations and 
should be quite satisfactory for control 
purposes. 

After thoroughly testing out the pro- 
cedure on individual mineral types a 
composite sample was prepared by weigh- 
ing out equal quantities of 0.25 g of all 
the Broken Hill lead minerals, mixing, 
and carrying out the procedure outlined 
above. The results are shown in Table 3. 


TABLE 3—Extraction of Lead Minerals in a 
Composite Oxide-sulphide Sample 


Sulphide Lead Oxidized Lead 


Extrac- Extrac- 
Present, | Found,}] tion, |Present,] Found,| tion, 
Gram Gram Per Gram | Gram Per 
Cent ent 
0.2040 | 0.1987] 97.4 | 0.7891] 0.7920] 100.4 


Of course, the solubility of lead sulphide 
in the solvents and consequent contamina- 
tion of the oxide filtrates with a little 
lead derived from the sulphide explains 
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the slightly higher quantity of oxide lead 


found than was actually present. Sub- 


tracting the theoretical quantity of lead, 
dissolved out of the sulphide, from the 
oxide lead found, the extraction of the 
latter would be 99.7 instead of 100.4 pct. 

This method when applied to complex 
concentrator products gives an excellent 
agreement with the mineral differentiation 
found by microscopic studies. 


SUMMARY 


A procedure has been developed for 
differentiating by chemical analysis oxi- 
dized lead from sulphide lead in ores and 
concentrator products. This method over- 
comes the disadvantage of existing pro- 
cedures wherein lead phosphates and 
vanadates are counted as sulphides. 

The method consists in leaching first 
with ammonium acetate solution to dis- 
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solve sulphate, carbonate, and oxide, and 
extracting the residue with dilute per- 
chloric acid. Lead phosphate and vanadates 
are soluble in the latter reagent, while 
lead sulphide is only attacked to a very 
slight degree under the recommended 
conditions. 

The procedure is simple, reproducible, 
and quite satisfactory for control purposes. 
It gives a recovery of 99-100 pet of the 
oxide lead and 97-08 pct of the sulphide 
lead in ores and concentrator products. 
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Attachment of Mineral Particles to Air Bubbles in Flotation 


By H. Rusu SpEppDEN,* Mremper AIME anp Wi1tiAm S. Hannan, Jr. 


(New York Meeting, February 1048) 4 


FLOTATION may be defined as a process 
whereby mineral particles are concentrated 
by selective adhesion to air-liquid inter- 
faces. The process involves attachment of 
desired mineral particles to air bubbles, and 
removal of the mineralized air bubbles from 
the surface of the pulp as a mineral 
concentrate. 


PROBLEM 


Although great strides have been made in 
understanding the principles of flotation, 
one part of the process which has not been 
adequately explained is the mechanism by 
which selected mineral particles become 
attached to air bubbles. A glance at the 
froth of an operating flotation cell demon- 
strates adequately that use of proper 
reagents and conditions will result in such 
attachments; but how such attachment 
takes place is not definitely known. 

A better knowledge of this factor might 
lead to improved flotation practice either 
through altered machine design or the 
application of scientific innovations. 

Direct observation of the behavior of 
mineral particles and bubbles in an oper- 
ating cell does not appear promising be- 
cause of the complexity of the system. For 
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this reason, conclusions concerning the 
problem must be deduced from theoretical — 
considerations or from observation of sim-_ 
plified systems designed to reproduce con- 
ditions thought to exist in an operating cell. 


PRESENT THEORIES 


Two mechanisms have been recognized — 
as fundamental in particle-bubble attach- — 
ment: gas precipitation and direct encoun- — 
ter. It is a simple matter to demonstrate in © 
the laboratory that attachment can be © 
brought about by either mechanism. As to 
the relative importance of the two in a 
particular flotation system, however, there — 
is a divergence of views. Taggart! states, ; 


to 


Under exceptional circumstances sufficient 
force and time to effect attachment may con- 
join in an ore pulp undergoing agitation, anda _ 
preformed bubble adhere to a collector-coated — 
mineral particle, but the occurrenceisrare. ... 
Pulp-body froth flotation effects selection in the — 
body of a conditioned pulp by causing gas } 
bubbles to precipitate from solution in the 
liquid phase preferentially at the surfaces of 
collector-coated particles, and to cling to these 
particles. 

5 


Gaudin® states that, within the pulp 
body of an agitation machine, attachment 
of mineral particles to air bubbles occurs as 
a consequence of contact between the two. 
This theory has been supported by theo- 
retical reasoning and much circumstantial 
evidence. Perhaps the most interesting bit 
of evidence in favor of this theory is the 
difficulty in the flotation of fines. If attach- 


1 References are at the end of the paper. 
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ment of particles to bubbles were a result 
of precipitation, it would seem that fines 


would be at least equally as floatable 
as normal flotation sizes. On the other 
hand, if mineralization occurs by contact, 
at least a part of the difficulty in the flota- 
tion of fines is readily explained by a con- 
sideration of laminar-flow effect. 

These two theories are here simply 


stated. The references cited should be con- 


sulted for more complete details. 


Scope oF WORK 


The present study was initiated in an 
effort to learn more about mineral-bubble 
contact and attachment. At first it was 


felt that much valuable information could 
be obtained by applying high-speed motion 


photography to a simple captive-bubble 


system such as used by Taggart, Taylor 


and Ince.* The plan was to observe the 
formation of an air-mineral interface. 


_ Early in the work it was discovered that a 
single captive bubble did not provide suffi- 
_ cient flexibility and therefore a system was 
developed so that observations could be 
made of a series of bubbles rising freely 
- through a stream of falling mineral par- 
ticles. Even though particle-bubble con- 
~ tacts were photographed at 3000 frames per 
_ second, the actual contact took place so 
rapidly that a free particle in one frame 


was found to be firmly attached toa bubble 
in the succeeding frame. Thus, although 
the precise details of formation of an air- 


- mineral interface were not observed even 


7 aso) Uo 


at 3000 frames per second, some interesting 
and unexpected facts were discovered. 


EXPERIMENTAL TECHNIQUE 


~ Tn its final form the experimental appa- 


~ ratus consisted of a glass flotation cell 
_ mounted on the stage of a microscope with 


horizontal axis. Magnification of the micro- 


‘scope was 16 X. Air bubbles, approxi- 
- mately 2 mm in diameter, were introduced 


at a point directly below the field of view 
by blowing air through a capillary tube. 
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Xanthate-conditioned galena particles were 
added as a pulp to a point below the liquid 
surface in the cell so that a falling stream 
of particles would meet a rising column of 


Fic 1—STATIONARY VORTEX IN WAKE OF A 
CYLINDER (TURBULENT FLOW). 

The camera was at rest with respect to the 
cylinder. (After Prandtl-Tietjens—published 
by permission from ‘Principles of Mineral 
Dressing” by A. M. Gaudin, copyrighted, 1939, 
by McGraw-Hill Book Co., Inc.) 


air bubbles within the field of view of the 
microscope. Events were recorded by an 
Eastman high-speed camera operating at 
3000 frames per second. Normal projection 
speed slows down these events by a factor 
of 187.5. 

All experiménts were performed with 
galena particles which had been ground 
in a porcelain mortar while immersed in 
a 2s mg per liter solution of potassium 
ethyl xanthate and then sized to minus-48, 
plus-200 mesh. The solution used in the cell 
was of the same composition. 


BEHAVIOR OF MINERAL PARTICLES AND 
BuBBLES AS OBSERVED ON MOTION 
MiIcROGRAPHS 


High-speed micrographs taken by 
this technique have enabled us to study the 
behavior of mineral particles in the vicinity 
of an air bubble. Many facts have been 
proven which were formerly surmised. In 
the first instance, air bubbles of the order of 
magnitude of one to two millimeters rise 
through water under conditions of turbu- 
lent flow. These conditions are well shown 
in Fig 1, a photograph, borrowed from 
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another source,® which portrays turbulent 
flow in the wake of a cylinder. Similar con- 
ditions in the region of rising air bubbles 
have been observed in the present study. 


ee a a a aa TLE aan ine oe ee 
Moe ee fe ars i 


no Ns aa, ME ee sh 


This observation may also be verified by 
calculations made on the basis of Reynolds 
number.‘ The zones of action around a 
rising bubble which therefore must be con- 
sidered are: a zone of laminar flow in front 
of the bubble and a zone of turbulence di- 
rectly behind it. The zone of turbulence 
extends roughly to the equator of the 
bubble. In the photographic record, the lam- 
inar flow of liquid to either side of the 
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rising bubble is seen to have a definite effect 


on the paths of falling particles. The effect 
is greater on smaller particles, and it is 
easily seen that very fine particles have but 


OR 


IIc 2—PARTICLE-BUBBI E CONTACT AND ATTACHMENT. 
Sequence of action photographed at a speed of approximately 800 frames per second. Sequence 
proceeds from left to right with frames 1, 2, 8 and 10 shown. The particle makes contact on the 
upper surface of the bubble, but off-center, and then slides over the surface while revolving. Note 
that the axis of the particle has turned through 90° between frames 2 to 8. 


tS SS 


small chance of contacting any individual 
bubble since fluid-flow lines literally sweep- 
them aside as the bubble rises. This is the 
gist of Gaudin’s theory. Particles in the 
size range of roo mesh, however, deviate 
slightly from a flow-line path when that 
path is not vertical (and probably also 
because of their own movement against the 
fluid). This may explain why they are seen 
to make contact, off center, on the forward 
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surface of the bubble. The zone of tur- 

- bulence in the bubble’s wake is seen to be 
another important cause of particle-bubble 
contact; this phenomenon, which was un- 
predicted by existing theories is important 
as it requires an amended theory. Particles 
which do not make contact on the upper 
surface of the bubble are drawn many times 
to the under side of the bubble where con- 
tact is effected. Much work of a statistical 
nature remains to be done before the 

- question can be answered as to the relative 
importance of contact on the forward sur- 
face of the bubble versus contact in the 
turbulent zone. At present all that can be 
said is that both occur. 

Typical particle-bubble contacts usually 
result in firm particle-bubble attachment 
(Fig 2). When such attachment takes 
place, the particle moves over the bubble 
~ surface to the lowest accessible point on the 
bubble and then rises with the bubble 

- toward the froth zone. 

- Many contacts do not result in attach- 
ment, however, and in fact the particle 
often actually rebounds an appreciable dis- 
tance after such a sterile contact. This does 
not mean that attachment in such a case is 
impossible because some particles which 

_ have thus been rejected on the first contact 

have become firmly attached to a succeed- 

ing bubble. 

Limitations in illumination and depth of 
focus prevented the observation of all con- 
tacts on any one bubble; thus only those 

occurring on the periphery normal to the 

axis of the microscope could be seen. 


‘; 


; 
- 
; 
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OSCILLATION OF BUBBLE WALLS 


An interesting and unexpected fact is 
~ recorded on the motion micrographs 
made in this study. The bubbles photo- 
_ graphed were produced from a capillary 
orifice directly below the field of view of 
the camera. The bubbles produced from 
this orifice are seen to be oscillating—their 
walls are in constant and more or less 
regular motion. The oscillations appear to 


l'1G 3—BUBBLE IN OSCILLATION. 
Sequence proceeds from bottom to top as 
bubble rises. Note the similarity of frames 1, 4 
and 7. Camera speed, 3000 frames per second. 
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have a frequency of the order of 1000 per a large number of bubbles would attach to 


second (Fig 3). 

This distortion of the bubbles is appar- 
ently a result of their release from the 
orifice, for they cease oscillating and assume 
a spherical shape after moving a short 
distance through the solution. The ques- 
tion arises, however, whether or not bub- 
bles are induced to oscillate in this manner 
by other complex forces such as exist in a 
violently agitated flotation cell. For exam- 
ple, it seems highly probable that bubbles 
in the vicinity of a rapidly rotating impeller 
in a flotation cell may behave in a similar 
manner. : 

The effect of bubble oscillation upon 
attachment of mineral particles to the bub- 
bles is very interesting. Particles in the 
path of an advancing protuberance of the 
bubble wall are seen to rebound therefrom. 
Particles contacting a receding protuber- 
ance attach to it quite readily. The overall 
effect of such oscillations is unknown. The 
effective diameter of the bubble is obvi- 
ously increased by the amplitude of the 
oscillations, but whether or not this is an 
important factor in flotation remains to be 
proved. 


CONCLUSIONS 


Collector-coated mineral particles can 
and do attach to coursing, free air bubbles. 
This is not to say that each and every 
mineral particle which contacts the surface 
of a bubble attaches to it. Many particles 
that appear to make contact do not attach. 
Nevertheless, a large proportion of col- 
lector-coated mineral particles which con- 
tact a rising, free air bubble attach to the 
bubble surface. 

These experiments were carried out in a 
very dilute pulp. Each bubble was rising 
singly through a thin stream of settling 
mineral particles. Under these conditions, 
collector-coated mineral particles contact 
and attach themselves to the rising bubbles. 
It would seem, therefore, that mineral 
particles in a thick, swirling pulp containing 
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the bubbles even more readily. 
In summary, it has been found that: 


1. Collector-coated mineral particles do — 
attach to free air bubbles as a consequence — 


of simple contact between the two. 
2. Fine particles are influenced by flow 
of fluid around the bubble surface to a 


— 


greater degree than are coarser sizes (but 


contact of flotation size particles with the 
bubble is not prevented.) 

3. Bubbles released from an orifice are 
not spherical but exhibit oscillatory mo- 


tion. It is possible that bubbles may ex- | 


hibit oscillation when subject to external 
forces other than release from an orifice. 


SUGGESTED RESEARCH 


A continued study of the subject of this 
paper is needed to amplify and clarify the 
data already secured. We feel that we have 
only scratched the surface of an interesting 


omy me. 


+’ 


and important subject. Our work has been — 


limited to photographic speeds of 3000 


frames per second. Much higher speeds are ~ 


definitely desirable. 


The work has also been limited to one — 
type of experimental set up. We can only © 
speculate on the knowledge to be gained by ~ 


photographing pulp action in the region of 
an impeller. 

Likewise the effects of bubble oscillation 
demand further study. By the use of high 
frequency vibrations we may find that 
particle-bubble contact is improved. Such 
information would be valuable. 
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ILLUSTRATIONS 


The movement of a particle in the 
vicinity of an air bubble when photo- 
graphed at 3000 frames per second covers a 
total of 85 frames. Since a single frame or 
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even a few frames cannot convey the 
proper conception of the motions involved, 
few photographs are reproduced herewith. 
A much better idea of particle-bubble con- 
tact and attachment may be secured from 
viewing the original films as projected in 
motion; therefore copies are available on 
loan from the Department of Metallurgy, 
Massachusetts Institute of Technology, 
Cambridge 39, Mass. The film is 16 mm; 
running time, 10 min. 
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Flotation of Low Grade Gold Ores at Golden Cycle Corporation 


By Howarp R. KerL* 


(New York Meeting, February 10948) 


Prior to World War II, approximately 
500 tons per day, or one-third of the ore 
being shipped to the Golden Cycle Mill at 
Colorado Springs, Colo., from the Cripple 
Creek district, was being treated in the 
flotation plant. The remaining tooo tons, 
along with the flotation concentrates, re- 
ceived the usual roasting and cyanide 
treatment. Since it was not possible to 
make a disposable tailing on the general 
run of Cripple Creek ores by flotation 
alone, it was necessary to treat the flota- 
tion tailings by cyanidation, along with the 
roasted ore. By this treatment, an overall 
economical tailing could be made. 

The gold ores from the Cripple Creek 
district are the highly siliceous sulphotel- 
lurides with approximately 3 pct total 
sulphides. In the lower grade ores most of 
the values are found in very finely dis- 
seminated pyrite. In some of the higher 
grade ores the tellurides, calaverite and 
sylvanite, can be recognized. 

After several years of floating Cripple 
Creek gold ores, having a very low mineral 
content, it was concluded that this type 
of ore required a type of flotation machine 
that would give a rather violent aeration 
and agitation. This action produced a fairly 
deep froth column which contained not 
only the free mineral, principally pyrite, 
but also most of the middling product; 
this was most essential in producing a low 
grade tailing by flotation alone that could 
be discarded to waste. After investigating 
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most of the current types of flotation 


machines, it was decided to convert to the 7 


Fagergren type. 
During World War II, 
plant was modified to handle lead and 


the flotation — 


zinc ores. The treatment of these ores was : 


carried on until April 1946. At this time 


the flotation plant was again reconverted to — 


handle the Cripple Creek ores. 


SELECTING ORES FOR FLOTATION 


During the period of reconversion a con- ~ 


siderable amount of experimental work 
was carried on in the laboratory to deter- 
mine if a disposable tailing could be made 


ee o 


by flotation alone, on certain selected ores © 


from the Cripple Creek district. It was 


found that most of the dump ores and a few © 


of the low grade mine ores could be treated 
by this method with very satisfactory 
results. 

After the preliminary test work in the 
laboratory, it was decided to carry on fur- 
ther work on a plant-size scale to see if 
similar results could be obtained. On April 


- 15, 1946, a part of the plant was put into 


operation as a pilot plant. The various ores 


that had been found suitable for treatment 


by this method in the laboratory, were 
run through the pilot plant at the rate of 
200 tons per day for a period of several 
months. Results were so encouraging that 
it was decided to put the plant in full-scale 
operation. 

Since that time plant capacity has been 
increased from 500 to 1000 tons per day. 


This has been done not by the installa- 


tion of more machinery but by (z) crush- 
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ing the ball-mill feed finer in the secondary 
crushing plant and (2) grinding coarser 
in the ball mills. The ball mill-classifier 
circuit has been the bottle neck as far as 
plant capacity has been concerned to date. 
After putting the plant into operation, it 
was discovered that equal recovery could 
be made with a much coarser grind than 
had at first been anticipated, and so by 
the above mentioned methods it has been 
possible to double plant capacity without 
impairing metallurgical results. 
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ball mills, along with forged steel balls. 
Ball make-up consists of one-half 21 in., 
one-quarter 2 in., and one-quarter 144 in. 
balls by weight. Ball consumption is ap- 
proximately o.9 lb per ton of ore milled. 

The classifier overflow, containing ap- 
proximately 44 pct solids, is diluted to 
approximately 30 pct solids and pumped 
by a 4 in. Wilfley pump to the first of three 
banks of flotation cells, operating in 
series; this dilution of pulp reduces the 
power required in the cells. The first two 
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At present, ball-mill feed is received 
from the secondary crushing plant at 


2 minus 44 mesh. Grinding is done in three 
6 by 6 ft Colorado Iron Works ball mills 


which have been converted from the over- 
flow to the grate discharge type. The three 
ball mills are in closed circuit with two 
60 in. Akins Simplex classifiers, and are so 
arranged that each classifier receives the 


‘entire discharge from one ball mill plus 


one-half of the discharge from the third 
mill. The return sands from the two classi- 
fiers are, in turn, split between the three 


ball mills. 
Ni-Hard cast iron liners are used in the 


Concentrates 


| 
17 X 6 ft Thickener 


1 
Underflow 


i 
3-Disc 6 ft American Filter 


Dry concentrates mixed with 
higher grade ores to Roasting 
and Cyanidation 


banks of flotation machines each have ten 
cells and the third bank has six. The 
flotation machines, as converted to the 
Fagergren type, have proved to be very 
satisfactory on this type of ore. The 
increased speed and agitation of the Fager- 
gren machines have permitted the treat- 
ment of a large tonnage of relatively coarse 
material with very good metallurgical re- 
sults. This increased aeration and agita- 
tion plays a most important part in making 
a low-grade tailing as previously mentioned. 
It has been found that if the top of the 
froth column is skimmed the tailings will 
double or treble but by “digging deep” 
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into the froth column—that is, carrying 
a fairly high pulp level in the cells—and 
taking off most of the froth, the tailings 
immediately go down to o.o1 oz gold per 
ton or lower. This practice is not possible 
with machines that carry only a shallow 
froth column. The frother consumption is 
also considerably less with the converted 
Fagergren-type machines. 


TABLE 1—Screen Analysis of Ball-mill Feed 


wrest Weight, Cummulative 
Seb Per Cent Per Cent 
Plus 6 5.6 
8 18.5 247% 
10 17.8 41.9 
I4 TL.1E 53.0 
20 10.1 63.1 
28 6.4 690.5 
35 5.0 75.1 
48 4.1 79.2 
65 1.9 81.1 
100 4.5 85.6 
I50 1.5 87.1 
200 Tas 88.6 
Minus 200 II.4 


TABLE 2—Screen Analysis of Classifier 
Overflow 


Weight, Cummulative 
Mesh Per Cent Per Cent 
Plus 20 0.6 
28 3.1 3-7 
35 8.6 12.3 
48 8.5 20.8 
65 9.8 30.6 
100 19.2 49.8 
150 4.8 54.6 
200 6.5 61.1 
Minus 200 38.90 


@ Overflow at approximately 44 pct solids. Tons 
solids overflow approximately rooo per 24 hr. 
CoNVERSION TO FAGERGREN-TYPE 
MACHINES 


The conversion to Fagergren machines 
was accomplished, with a minimum of labor 
and materials, by utilizing all possible parts 
from the previous type machines (Fig 1). 
The agitating mechanisms and baffles from 
the previous type machines were removed 
and modified Fagergren rotor-stat or as- 
semblies installed. The converted machines 
each have a triangular shaped stand, ele- 
vated 13 in. above the bottom of the cell 


by three legs. The stator of a 44 in. Fager- 
gren’ machine, with stand pipe and disper- 
sion apron attached, rests on top of the 
stand. The nuts on the lower ends of the — 
four rods that hold the stator together rest 
in four small pockets in the stand, thus 
preventing the stand from shifting under 
the stator and also allowing rapid removal © 
of the stator without disturbing the stand. — 
The entire assembly is held in place by — 
three anchor straps, bolted on one end to — 
the stand-pipe and on the other to the two 
sides and back of the cell. The space be- 
tween the bottom of the original cell and 
the bottom of the stator, sands-up imme- 
diately when put into operation, thus 
automatically raising the bottom of the 
new cell approximately 13 in. 

The bearings, bearing housings and 
shafts from the previous type machines 
were utilized on the present machines by 
merely shortening the shaft and modifying 
the lower end to accommodate the rotor of 
a 44 in. Fagergren machine. 

The flared or tapered section of the froth 
overflow side of each cell was removed. 
This side was then extended vertically to a 
point approximately 414 in. above the top 
of the stator to provide a new froth over- 
flow lip. Guides were welded on each end of 
the overflow lip to permit raising or lower- 
ing of froth overflow, by use of metal slats. 
Two openings, 12 in. high, 24 in. long, one 
above the other with 4 in. between open- 
ings, were cut in each dividing wall between 
cells. At the discharge end of each bank of 
cells a box and overflow gate were provided. 
The gate can be raised when necessary to 
empty the cells. The gate guides were ex- 
tended to the top of the discharge box to 
allow the addition of metal slats for proper 
control of pulp level and froth removal 
(Fig 2). 

The same 10 hp motors, one motor to 
each two cells, that were used on the pre- 
vious type machines, are being used on the 
converted machines. The rotor speed of 
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each cell was increased to plus or minus 640 
rpm by changing the sizes of the V-belt 
drive sheaves. Power required is approxi- 
mately 9.5 hp for each two cells at the 
present pulp density. 

The rotor and stator bars and spacer 
rings have been modified somewhat since 
these machines were converted but are 
essentially the same as standard Fagergren 
parts. Spacer rings and bars, as used at 
present, are made of Ni-Hard cast iron. 
The life of the rotor is from six to eight 
weeks and that of the stator from five to 
six months; this would be increased if it 
were possible to obtain a better grade of 
Ni-Hard. A rotor can be changed in ap- 
proximately 30 min without by-passing or 
shutting down the entire bank of cells. 
When replacing stators, however, it is 
necessary to shut down and drain the cells. 


TREATMENT OF CONCENTRATES 


The combined rougher concentrates from 
the three banks of flotation cells are 
pumped by a 2 in. Wilfley pump to a 17 by 
6 ft thickener. The thickened underflow is 
filtered on a three-disc, 6 ft American 
filter. Since the thickening area provided 
by the thickener is not ample to give a 
clear overflow, it is necessary to feed this 
overflow back to the head end of the first 
bank of flotation cells along with the classi- 
fier overflow. A larger thickener is under 
construction at the present time. The flo- 
tation reagents used are given in Table 3. 


TABLE 3—Flotation Reagents 
REAGENT Ls. per TON ORE 
American Cyanamid Reagent No. 


301, Z4 Xanthate (50-50)....... 0.20 
ATG LOS cari eescentts aac inan cree anys neue 0.03 
Methyl amyl alcohol.............. 0.02 


The flotation concentrates, after filtering, 
run approximately 9 pct moisture, and 
contain enough coarse middling particles to 


give a product that breaks up easily, this 
being quite important in its subsequent 
treatment. These concentrates are mixed 
with the higher grade Cripple Creek ores 
ahead of the roasters and receive the usual 
roasting and cyanide treatment. Since the 
concentrates are processed in other sections 
of the plant in place of being shipped to a 
smelter, recovery, instead of grade of con- 
centrate, is more important. This is the 
reason for not cleaning the rougher con- 
centrates. The average assay of gold is 
given in Table 4. 


TABLE 4—Average Assays Au 
Oz. PER TON 


Hegde gst ni. w%s.¢a tessa 0.085 
Concentrates o-os tiie «aa toe I.50 
alg: Siew rte te can tas eee 0.01 
Ratio of concentration...... I9.8tol 
Retovery; petasssc- oc a ee .9 


TAILINGS 


The tailings from the third bank of 
flotation cells are fed through an 8 in. pipe 
line, by gravity, to the tailings dam. 


CONCLUSION 


The converted Fagergren cells have 
worked very satisfactorily on this type of 
ore. 

Test work is being continually carried 
on in the laboratory on the various ores 
from the Cripple Creek district to find out 
if more of them can be treated by this 
method. Ways and means are continually 
being sought to increase plant capacity so 
that more and more of these low-grade 
ores can be handled. 


ACKNOWLEDGMENTS 


The writer wishes to acknowledge the 
helpful suggestions given him by Marvin 
F. Dycus, Mill Superintendent; and Max 
W. Bowen, Mill Manager, in preparation 
of this article. 


NA 


— 


CO aes 


Institute July 28, 1947; revision, 


Simultaneous Grinding and Flotation 


By A. KenNnetH SCHELLINGER,* JUNIOR MEMBER AND O. CUTLER SHEPARD,* MEMBER AIME 
(San Francisco Meeting, February 1949) 


INTRODUCTION 


OVERGRINDING, or the breaking of ore 
particles into sizes smaller than required 
for liberation, is a first-magnitude problem 
in grinding for concentration processes. 


The conventional ball mill-classifier circuit. 


used in commercial grinding produces 
mineral particles that are all ground to pass 
an upper size limit, while the proportion of 
very fine sizes, or slimes, is uncon rolled. 
Calculations based on measurements made 
in commercial plants which were grinding 
ore for flotation concentration indicate that 
about go pct of the energy used in grinding 
is consumed in useless overgrinding.* 

In addition to accounting for the con- 
sumption of a large amount of energy, over- 
grinding is detrimental to the flotation 
process. Overground slime coats larger par- 
ticles and inhibits selective action by the 
flotation reagents on particles which by 
themselves could be separated very well. A 
further difficulty is that extremely finely 
ground minerals do not respond satisfac- 
torily to flotation-collecting reagents, and 
both selection and recovery decrease mark- 
edly with particles finer than 5 to Io 
microns.” 

Conventional classifier-ball mill circuits 
inherently tend to overgrind the valuable 
minerals more than the gangue minerals 
because most valuable minerals are of 
higher density and are softer and more 


- friable than the gangue minerals. The rem- 
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edy to this situation would seem to be a 
separating mechanism which would sepa- 
rate free valuable mineral particles regard- 
less of size and density considerations and a 
mechanism which would operate in the 
grinding mill so that valuable mineral 
grains would be removed from the grinding 
machine as soon as they are freed. A con- 
sideration of these ideas led the authors to 
the conception of a simultaneous grinding 
and flotation mechanism. So far as the 
authors are aware, such a machine has 
never been tried, even on a laboratory scale. 


DEVELOPMENT OF APPARATUS AND 
EXPERIMENTAL METHOD 


Apparatus development went through 
several stages before a really workable 
machine was devised. Work was started 
with a large cast-iron mortar 7}4 in. in 
diameter and 8 in. deep. A cast-iron disk 
was mounted on the end of a vertical shaft 
so that it fitted loosely into the bottom of 
the mortar. On top of the disk four radial 
cleats 4 in. high were bolted to agitate the 
ball charge as the disk, or impeller, rotated. 
The vertical shaft was driven at 100 rpm by 
a mechanism improvised from an old coffee- 
mill type of grinder. 

A hole was drilled into the bottom of the 
mortar through which compressed air was 
introduced for frothing. In operation, 
weighed charges of ore which had been 
crushed to pass an 8-mesh screen were 
placed in the bowl along with water and 
suitable reagents. The impeller was then 
started and the compressed air turned on 
so that the ore was ground while being ex- 
posed to air bubbles. Mineralized froth was 
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skimmed from the bowl top into an en- 
circling launder. Excessive pulp swirling 
suggested the deepening of the pulp column 
by the addition of a 1o-in. pipe section to 
the top of the bowl. Radial baffle blades 
were also installed in the pulp column above 
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the balls. These modifications provided a 
workable apparatus in which a number of 
batch tests were run on a lead-zinc ore. 
An effort was made to compare this 
method of grinding and flotation with con- 
ventional methods. Batches of ore were 
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ground in a laboratory ball mill and treated 
by flotation in an ordinary laboratory 
flotation cell. A laboratory ball mill-classi- 
fier circuit was also used to grind a large 
diluted batch of the same ore. A portion of 
this grind was treated by flotation in a 
laboratory batch cell. Flotation products 
from the combination machine and the con- 
ventional flotation cell treatments of other 
grinds were sized by screening and elu- 
triation. Lead analyses were made on suit- 
able samples of the products. The results 
obtained in the different types of tests are 
shown in Table 1, and the particle size dis- 
tributions are graphically illustrated in 
Fig 1. 
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entering through a packing gland in the 
bottom of the bowl. This impeller sucked in 
air so that compressed air was not needed. 
It also dispersed the air into small bubbles 
which gave better frothing and improved 
flotation of released sulphide minerals. 
Fig 2 shows a cross-sectional sketch of the 
revised combination machine and a photo- 
graph is shown in Fig 3. 

A series of batch tests was made in the 
revised apparatus. In these tests a copper 
ore from the Holden mine was used. Com- 
parison tests were again run in a conven- 
tional laboratory batch mill and flotation 
cell. Results from some typical tests are 
tabulated in Table 2. Sizing data on con- 


TaBLE 1—Comparison of Test Results: Simultaneous Grind-float Apparatus and 
Conventional Laboratory Apparatus, Lead Ore 


3 SS aaa Ee 


Beste GMDET Het cicilere ajensiersin sioinualsia reais. lel =)<1Fs I 


_ Apparatus MISE acs inna a eae ae ries, « 


» Grinding time, minutes...............---+: 10 


Collector Reagents 
Werofloat 15, lb per tom! .. 5.2 ae ee n=) 
DMA TEATS seichals.wiersiece sein au temesete a sekste norton 
Frother Reagents 


Ball Mill 
Agitair Cell 


0.10 .25 
0.15 K Eth.]| 0.10 K Pent. 


7 8 9 
Grind-float Grind-float Ball Mill- 
Apparatus Apparatus classifier 


Agitair Cell 
Classifier Over- 
flow 


12 15 


10) 


0.23 0.23 
0.10 K Pent. | 0.10 K Pent. 


imeroit, ipr Der tO sires ene renee <0 @ oye) oe) = 0.16 0.24 0.24 0.24 
Conditioner Reagents 
Weanie nly) PEt TOM ago siayete tee lee sinus wee eee 2.0 (0) to) fe) 
ING(CLONS 72 5 BESO o Und Amid Coro ere moi o lb per ton | to pH 9 to pH 9 to pH 9 
GuSOyalb per GON. sce eels oe Vee ele eine 0.80 Ce) o o 
Head 
WSramsS Weights: . dacs soln oe ee pees = ree 572 990.3 1007.5 437 
Assay (calc.) Pb, pct........---+-2e- eee: 2.24 2.22 2.02 0.39 
Pulp density,,pct......- 006-220 esecsee 20 12 12 18 
Concentrate 
Grams weight. .......-.0c.css eee ecer ee 87 60.3 50.5 37.0 
Assay APD; DCt ons: s2 02 ce ee een oe ese nes 12.6 25.3 23.6 2.2 
PIa pale a Cbiswisics sicsidinsole- o/s iekdie ale Gapyretat) si 85.3 69.2 58.6 48.5 
Minus 325 mesh, weight, pct.......---.-- 38.14 55.0 77.5 
Tailing 
Grams weight... 22-0 6-6 cess tee ces 485 930 957 400 
IASSAYs. PD) DCt. sje oe 2c ee cee seis es 0.39 0.73 0.88 0.22 
Be Dest al EP ae CU inate seis ais nave ee area seve Peale = 14.7 30.8 4I.4 BELO 
Minus 325 mesh, weight, pct..........+-- 76.5(—200) | 39.5 37.4 47.6 


Nore: Ball mill refers to a 12 by 12 in. Braun Laboratory Mill with 40 1b of steel balls. 
Agitair cell is a vertical 9 by 534 by 51% in. type. 


tan Ball mill-classifier refers to a laboratory di 


emonstration unit consisting of a Denver 14 by 14 in. 


continuous ball mill in closed circuit with a 48 by 8 in. Dorr Simplex classifier. 


_ Unsatisfactory frothing action brought 
~ about the second major revision of the com- 
bination machine. The original machine 
‘had a tendency to deliver the air in large 
bubbles at the pulp surface. To break up 
the air bubbles a small air impeller was 
placed below the ball impeller. This air 
impeller was driven at 1500 rpm by a shaft 


centrates and tailings are summarized 
graphically in Fig 1. 


DISCUSSION OF RESULTS 


Enough work on the grind-float process 
has been done to satisfy the authors that 
simultaneous grinding and flotation is a 
feasible process. Laboratory concentration 
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valuable minerals, since they are removed 

as fast as they are freed. q 
The authors have considered the possi- — 

bility of reducing the time in the grind- — 


experiments were not carried to great re- 
finement because excellent concentration 
results in batch laboratory tests would not 
necessarily mean that continuous com- 
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Fic 2—REVISED COMBINATION GRINDING-FLOTATION CELL. 
Scale: 1 to 4; reduced approximately one-half. 


mercial machines would be successful. The 
grade of concentrate in all of the copper- 
ore tests was low because flotation condi- 
tions were not adjusted for the depression 
of pyrite. The tests do show that flotation 
can be carried out in a grinding machine 
and that by this simultaneous grind-float 
process recovery can be made with less 
overgrinding than usual. It is believed that 
by adjusting grinding time and reagents 
normal recovery and grade of concentrate 
can be obtained. It is possible that a longer 
grinding time would be required to increase 
the recovery of valuable mineral. This 
would result in grinding the tailing a little 
finer but could not affect the size of the 


float machine and then recovering coarse 
material from the tailing in a conven- 
tional classifier for return to the feed of the 
grind-float machine. However, interlocked 
grains are not of any definite size and since 
interlocked minerals usually break more 


easily than massive minerals it is believed — 


that in most cases regulation of time in the 


grind-float machine will give good recovery 


with less 
minerals. 
The grind-float process offers promise of 
milling economies by: 
1. Floating a coarser bulk concentrate 
thereby saving in reagents, grinding, costs 
and filtration costs. 


useless grinding of gangue 
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Fic 3—REVISED MODEL OF SIMULTANEOUS GRINDING-FLOTATION APPARATUS. 


Taste 2—Comparison of Test Results: Revised Simultaneous Grind-float Apparatus 
and Conventional Laboratory Apparatus, Copper Ore 


aan teINaambersbcok ae scteware cap Pte voles eit nnaue oe 5A 6A WA 8A 
Appatatus used co as. cece ee nso s nse ee Grind-float | Ball Mill Grind-float | Grind-float 
‘ rite ath ? Apparatus Agitair Cell | Apparatus Apparatus 
a Grinding time, min.........-+--++reseeee Ae Aeahcnrs I5 10 15 15 
S' Collector Reagents 
Aerofloat 31, lb per ton.....-- eee eee rete tree 0.05 0.05 0.08 0.12 
K Pent. Xanthate, lb per ton.....---++-++eeeree 0.08 0.08 0.08 0.09 
Conditioner Reagents 
(UP, cine Sr enor ata sat aaa eae ae to pH 9 to pH 9 to pH 9 to pH 9 
ine oil Ib per tO, Jolove reece eres ele 0.06 0.03 0.09 0.15 
Head 
(CaAmerweigntoncncine tects ict nie nse erie os 1000.1 505 918.5 908 
Assay (calc.) Cu, pct.....- sees eters renee st: 0.71 0.74 0.77 0.70 
Concentrate 
(CORT ca elMtidria 3 Goole Ooinaa na 6 Oo) aaes ob Oceano ota 3Omr 79.0 67.5 100.0 
Mecaye Ci pctysessso.- nee oS 13.9 3.9 7.8 5.0 
AN SRILA Cris 4515 80 ie Rie One cl ucts e150) 81.9 74.7 79.0 
‘ Minus 325 mesh, weight, pct....---++es+-+7 800 39.4 76.4 65.2 
£ Tailing 
i: (Greig cieiinn nein ooo mou Oey Oa GDR Gad 970 426 851 808 
” esa iC Ue pCbe aan cy a oe= metre om NE es 0.30 0.160 0.21 0.165 
Nail (Gil, Soleisp & Goes EOD TERS OO NO aia nat 4I.0 18.1 25.3 21.0 
: Minus 325 mesh, weight, pct....--++-+essrretts 33.9 61.3 35.1 Ala 
att 


2 Note; See note under Table 1 for description of apparatus. 3 oe 
: : Revised grind-float apparatus refers to modification of cell by placing a high-speed ‘air impeller 
under the ball impeller. 
Grinding media: 17 |b of steel balls (14 to 134 in.) was used in the grind-float apparatus, or tolbof 
flint pebbles (134 in.). The Braun Laboratory ball mill contained 40 lb of steel 


balls (14 to 34 in.). 
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2. Facilitating discard of a commercial 
tailing at a coarser size with attendant 
saving in grinding cost. 

3. Probable saving in space and equip- 
ment cost because of simplification of opera- 
tions in the combination machine. 

4. Possible increased recovery due to ex- 
posure of fresh, valuable mineral surfaces 
to collecting reagents and due to avoidance 
of overgrinding valuable minerals. 

It is believed that a commercial grind- 
float machine can be built which will op- 
erate satisfactorily. Whether or not such a 
machine will prove economically successful 
remains to be demonstrated. It is hoped 
that this paper will stimulate thought and 
discussion which will lead to continuing 
work on a larger scale. 


SUMMARY 


1. To avoid overgrinding with attendant 
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waste of power and detriment to the flota- 
tion separation, a unique technique involv- 
ing the simultaneous actions of grinding 
and flotation is proposed. 

2. The development of a_ successful 
laboratory grind-float machine for experi- 
mentation with simultaneous grinding and 
flotation is described. 

3. Results of laboratory grind-float and 
conventional laboratory tests on two differ- 
ent ores are tabulated and a graphical 
presentation of the particle size distribution 
in the products of the different tests is given 
to show that less overgrinding occurs in the 
new process. 
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Notes on Drying for Electrostatic Separation of Particles 


By Foster Fraas,* MremBer AIME 


(New York Meeting, February 1948) 


INTRODUCTION 


THAT variations in the humidity of the 
air and in the moisture content of a 
mixture of broken solids being separated 
electrostatically cause trouble is not new.! 
Much of the reputation for unreliability 
commonly ascribed to the electrostatic 
separation processes is probably due to 
this one factor alone. Some operators dry 
thoroughly before separating; and while 
this is good in many instances, there are 
others in which it is not the remedy for 
trouble. Some mixtures behave best in 
very dry air and with the mixtures fed to 
the separator while hot to reduce the 
adsorbed water content. On the other hand, 
an overdried mixture on coming to equilib- 
rium with more humid air, has been known 
to take up moisture selectively on one 
family of particles, as of coal in the 
presence of slate and clay, and give sharper 
electrostatic separation. 

From these observations it is concluded 
that there is a permissible moisture content 
for a particle and also for the atmosphere 
surrounding it, if in equilibrium, at which 
the particle will have a conductivity or 
contact potential?-4 that is ideal for 
electrostatic separation. This permissible 
moisture content varies between a wide 
range of limits for the different materials 
that are separated and with the kind of 
electrostatic separating process used. Water 


Published by permission of the Director, 
Bureau of Mines, U.S. Department of Interior. 
Manuscript received at the office of the Insti- 
tute April 21, 1947. Issued as TP e257 1 
MINING TECHNOLOGY, November 1947. 

* Associate Metallurgist, Bureau of Mines, 
College Park, Maryland. 

1 References are at the end of the paper. 


can be present as a result of adsorption 
and condensation from the atmosphere, 
as an accumulation before or during mining, 
or as a residue from a previous process 
step. The water may exist as a liquid film 
or as an adsorbed layer of vapor. ~ 

If the water exceeds permissible limits 
it must be removed. Its state determines 
the method. Drying by evaporation is 
necessary for adsorbed water, for part of 
the liquid-film water (that is, up to several 
percent of the dry weight), and for free 
water in the internal structure. Large water 
contents may be removed by drainage or 
filtration. At just what point mechanical 
removal should cease and drying by evapo- 
ration begin depends upon the method of 
mechanical removal and its cost. 

Particles can also be separated according 
to their differences in dielectric constant 
when suspended in a liquid of intermedi- 
ate dielectric constant. Recovery of this 
liquid presents a similar problem. 


PERMISSIBLE MOISTURE 


The adsorbed moisture on the outer 
surface of minerals can be quickly removed 
or replaced. Accordingly, in speaking of 
adsorbed moisture contents, either that 
of the solid or that of the surrounding air 
may be considered, the two values being 
connected by a distribution coefficient 
which varies with the temperature. How- 
ever, such a condition does not necessarily 
exist in processes where an initially dry 
material is suddenly introduced into an 
atmosphere having a partial pressure of 
water vapor or where a moist material is 
suddenly introduced into a dry atmosphere. 
Here the resultant differences in the 
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electrical properties of the constituents 
may depend on a rate of adsorption, or 
desorption, rather than on an equilibrium 
distribution. 

Specific examples show that moisture 
influences the contact potential and con- 
sequently the frictional electrification. 
With quartz and feldspar, without previous 
treatment except for dedusting, relative 
humidities of the ambient atmosphere as 
high as 20 pct are permissible. This has 
been described in a previous paper by the 
author.® On frictional charging by passage 
over a vibrating aluminum plate ‘“elec- 
trifier,” dry particles of quartz and of 
feldspar are charged negatively in air that 
is thoroughly dried by silica gel. After the 
humidity is raised slightly the feldspar 
becomes positively charged with the quartz 
still negative. Quartz can be separated 
from feldspar under these conditions. Sub- 
sequent gradual increase of the humidity 
results in the quartz becoming positively 
charged, and finally with higher humidities, 
frictional electrification of both the quartz 
and feldspar cannot be effected. 

In contrast, the permissible moisture 
content for some of the other minerals is 
much higher. For example, fluorite and 
sphalerite can be separated by frictional 
electrification even under relatively high 
humidity conditions. The effect of adsorbed 
moisture in preventing electrification may 
be due either to a high surface conduc- 
tivity, with subsequent leakage of the 
frictional electrical charges as fast as they 
are formed, or to a similarity of electrical 
surface properties, a result of the same 
moisture film adsorbed on all the surfaces. 

The permissible moisture content also 
varies in electrostatic separations that 
utilize differences in conductance. In 
separating good conductors, such as 
chromite and magnetite, from quartz, a 
very low moisture content is necessary 
and is usually obtained by heating the 
mineral combination before separation. 
If clean zircon is substituted for the 
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quartz, the permissible content of moisture 
can be much higher, and in many cases 
heating is not required. The differences 
in the permissible contents of moisture for 
quartz and zircon are illustrated in the 
separation of these minerals from good 
conductors. When heated, the zircon and 
quartz are separable as nonconductors 
from such conductors as chromite. When 
cold, and with appreciable humidity, the 
quartz acts as a conductor and can be 
separated from the zircon as a noncon- 
ductor. Obviously, quartz attracts moisture 
which makes its surface conductive. 

Conditioning with reagents before sepa- 
ration frequently decreases sensitivity to 
high-humidity atmospheres; this has been 
the apparent effect in the use of benzoic 
acid as a conditioning reagent.® 

For separations based on a difference 
of shape factor, the essential feature is a 
maximum surface charge and not a differ- 
ence in the conductivities or frictional 
chargabilities of the various minerals. 
An example is presented in the separation 
of muscovite mica from sand,’ where the 
highest humidity, (the condition for highest 
surface conductivity) was found to be 
most effective. 

By placing electrodes at the ends of 
thin slabs of different materials, Field® 
has measured the surface conductivity of 
mica, glass, quartz, polysterene, hydro- 
carbons and other substances in contact 
with air of various humidities. In 100 pct 
relative-humidity air, mica, glass and 
quartz have appreciable surface con- 
ductivity, whereas polysterene and certain 
hydrocarbons remain relatively low. Glass 
coated with the silicones is also low. The 
silicones and their derivatives are an 
interesting series of new carbon-silicon 
compounds recently described by Rochow.? 
The surface conductivity varies with 
time. For quartz placed in a too pet- 
humidity atmosphere it increases in 10 
minutes, 1o®-fold over that at zero humi- 
dity. After this time the conductivity 
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remains constant. The conductivity initially 
overshoots the final value by ten fold. The 
return to the lower equilibrium value is 
explained by the sweeping of the excess 
ions to the electrodes by the steady 
potential used in measuring the con- 
ductivity. When the potential is tem- 
porarily removed, the higher value is 
again obtained, but the lower equilibrium 
value is again restored in a few minutes 
after the potential is reapplied. 

Cellulose acetate butyrate, although 
absorbing as much as 4 pct internal 
moisture, was one of the lowest conduc- 
tivity substances measured. 

The surface conductivities of solids 
vary with the relative humidities. Field 
checks the conclusion of Curtis!® who 
found that, under conditions of equilibrium, 
the conductivity is a logarithmic function 
of the relative humidity. This may be 
represented by the equation: 


log C = oH +, 


where C is the electrical conductivity, H 
the relative humidity, and a and 6 con- 
stants for any one material but variables 
for different materials. 

In general low-volume conductivity 
materials having water repellent surfaces 
will have low-surface conductivities in 
high-humidity atmospheres. The converse 
of this is not generally true, as is illustrated 
with cellulose acetate butyrate, which 
although absorbing as much as 4 pct 
internal moisture still has a low con- 
ductivity. Trace impurities, capable of 
ionization, probably are effective in increas- 
ing the conductivity under high-humidity 
conditions. For example, traces of the alkali 
elements in quartz have the ability to 
ionize in a water film on the quartz surface 
to yield appreciable conductivity. 

Johnson states? that electrostatic con- 
centrates may contain as high as 0.75 
to 3.5 pct moisture. 

_ All this information indicates that, for 
certain substances, the permissible moisture 


content can be high and that moisture 
removal need not always be very rigorous. 


CENTRIFUGE 


The common methods for water removal 
or dewatering are of the drainage type, 
typified by the rake classifier, and the air 
pressure or suction-filtration type. With the 
smaller particle size ranges, filtration will 
yield a quicker, more efficient water 
removal than drainage alone. However, 
with the coarser sizes, air-pressure filtration 
has little value. After an air channel once 
forms in the large size interstices the sub- 
sequent removal of water is largely. a 
gravity drainage. 

An excellent but so far little used method 
for dewatering in mineral dressing is 
centrifuging. Centrifuging has its value 
in increasing the drainage force over that 
obtained by gravity alone. Taggart’? has 
described the Carpenter continuous-cen- 
trifugal filter, consisting of a conical 
chamber rotating about its vertical conical 
axis. Liquid is removed by filtration 
through a conical step screen. 

The rotor has a speed of 7500 fpm at its 
maximum rotor diameter of 78 in. With a 
fine bituminous slack of less than 54¢-in. 
diameter, the water in a feed carrying 
30 pct moisture is reduced to a value less 
than 7 pct. The calculated centripetal 
acceleration at the maximum diameter is 
150 G, or 150 times that of gravity. 

A continuous solid-liquid centrifugal 
separator having a horizontal rotating 
axis has been recently introduced on the 
market. Instead of the liquid filtering 
through the solid, as in the Carpenter type, 
the solid is dragged out of the liquid in a 
direction toward the apex end of the rotat- 
ing truncated cone by means of a spiral 
rake. The centripetal acceleration is 
approximately 2000 G. There may be 
some tendency toward abrasion at such a 
high acceleration. However, the use of 
abrasion-resistant materials for construc- 
tion should solve this difficulty. 
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On coarse material and with sufficient 
time for the centrifuging action, all but 
traces of liquid can be removed. An illus- 
trative example is the dewatering of a 
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minus 14-plus 65-mesh sillimanite—quartz 
rock in a small, batch-type centrifuge. 
With heap drainage aided by tamping, the 
retained water amounted to 20.7 pet, 
whereas with centrifuge dewatering it 
was only o.17 pct. For the finer sizes the 
efficiency of liquid removal decreases so 
that at minus t1oo-mesh there is little 
advantage over filtration. This is illus- 
trated in Table 1. 


TABLE 1—Dewatering of Minus 100-mesh 


Calcite 
RESIDUAL 
WATER PER- 
CENTAGE OF 
RY 
METHOD WEIGHT 
Buchner funnel, material not filmed... . 9.1 
Centrifuge, material not filmed......... 7.2 
Centrifuge, material filmed water re- 
POLLO TRL ALY ths, scass, Sais eosievg leeds aie tay ular tee 2.9 


1 Each dewatering was for period of 5 m 

2 Filmed with 2 lb oleic acid and 0.5 lb Binitsol XI 
per ton. 

With the centrifuge, minus 1oo-mesh 
dewatered calcite still contains 7.2 pct 
water. However, this is lower than the 
9.1 pct obtained by suction filtration. The 
forces that retain the water are either 
static, that is, capillary attraction, or 
dynamic, that is, resistance to fluid flow 
through small interstices, 
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Representing by vectors, as shown in 
Fig 1, the centripetal acceleration, a, the 
angular velocity, w, and the tangential 
velocity, V, all at right angles to each 
other, the centripetal acceleration equals 
the vector product: 


a=VXoe 


The tangential velocity can be expressed 
in terms of the radius of rotation, R, by 
the vector product: 


V=oXR. 
Eliminating V, we have: 
a=wXRXw. 


For magnitude only, the scalar equation 
for the centripetal acceleration is, accord- 
ingly: 

a=o?R. 


With a hypothetical cylindrical pore of 
radius, r, the capillary attraction is 
represented by: 


f = 2tre cos 8, 


where @ is the liquid-solid contact angle, 
and o is the surface tension of the liquid. 
The force resulting from the centripetal 
acceleration is: 


f = mr?h(pi — po)a, 


where / is the length of the cylindrical 
column, a@ is the acceleration and p; and 
p, are the densities of the liquid and gas 
(air). With water this difference approxi- 
mately equals 1. More exactly, r is the 
radius of the crown of the meniscus. 

The equilibrium is then represented by: 


20 cos 8 = rha. 


With a hypothetical crack instead of a 
cylindrical pore, where the length of the 
crack is much greater than the width, r, 
the same equation is obtained. ° 

In a granular mass the water-filled voids 
have no resemblance to cylindrical columns. 
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The voids, however, may be mapped out 
into irregularly shaped columnar regions 
oriented with the columnar length parallel, 
and in some instances at an angle, to the 
centripetal acceleration. In this case r 
is not constant but varies continuously. 
In general the columns will have expansions 
and constrictions along their length. 
Except for a variation with respect to 
the distance from the center of rotation, 
the force resulting from the centripetal 
acceleration will be uniformly impressed 
on all the masses of water. In contrast to 
this, the opposing capillary force, when 
liquid is displaced by gas, will not be 
uniform but will vary with a maximum at 
the constrictions and a minimum at the 
expansions. Initially, instead of a capillary 
force, a resistance to fluid flow through the 
constriction will be present. 

The resulting forces on the water masses 
will then be a combination of compressions 
and tensions. When the tension is greater 
than the atmospheric pressure minus the 
vapor pressure of the liquid, the columns 
will break, particularly at the expansions. 
The columns will also separate because air 
penetrates from the exterior. The water 
subsequently flowing from the mass will 
or will not remain at the constrictions, 
depending upon whether the radius of the 
constriction is greater or less than the 
critical. 

Exact calculation of the critical radius 
depends on the shape of the constriction. 
The forces resulting from the centripetal 
acceleration and the capillary attraction 
will be in equilibrium, with 4 approaching 
a value less than r. Under these conditions, 
the liquid plug tends to puncture and 
coalesce onto the sides of the constriction. 
The value of / will probably range from 
0.1 r to r. We, therefore, have: 


i= 0r 


where 6 may have some value between 
o.1 and I. 
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The equilibrium is represented by: 
20 cos 8 = br*a. 


With a tenfold change in 8, it would seem 
needless to have accurate values for 
o and @. This, however, is not generally 
true, since, by using the same particle 
size and shape, which is equivalent to 
holding 6 constant, comparisons can be 
made between different values for o and 0. 

Using calcite and water, o = 72.8, 

= 70° and a = 2000 G, the calculated 
value of ry ranges from 50 to 150 microns. 
G is the acceleration of gravity, which in 


the cgs system has the value of 980. For 


pore spaces of radii less than the critical, 
the water will remain, and for those of 
radii greater, the water will be removed, 
by centrifuging. The water will also remain 
in pore spaces having greater than the 
critical radius if the orientation is at an 
angle with the centripetal acceleration. 

The equilibrium conditions just described 
represent the maximum volume of water 
that can be removed with a sufficient time 
for centrifuging. For shorter periods, the 
volume of water removed depends on the 
fluid or water flow factors. 

By filming the solid so that it is water 
repellent, the capillary attraction is elimi- 
nated. Table 1 shows that without capillary 
attraction the residual water content of 
the above calcite is reduced from 7.2 to 
2.9 pet. The remaining 2.9 pct may be 
present as a result of either an insufficient 
time for fluid flow or a mechanical ob- 
struction to droplets. 

The batch type centrifuge used in all 
these tests had a perforated basket with a 
4.9 in. id.* The perforations were covered 
with filter paper. With the measured speed 
of 4900 to 5200 rpm, the calculated cen- 
tripetal acceleration is 1760 G. 

In the continuous horizontal-axis types, 
the solid is removed from the liquid by 
spiral rakes. The churning of the solid 


* International Equipment Co., No. P6561, 
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by the rakes after it is removed from the 
liquid may be beneficial to further reduction 
in residual water. Any churning or mechani- 
cal movement during application of the 
centripetal acceleration would release me- 
chanically obstructed droplets and also 
open constrictions with less than the 
critical radius. 

Although the difference in the residual 
water with and without filming is not large, 
the difference in appearance is pronounced. 
The unfilmed calcite is aggregated into 
lumps, whereas the filmed calcite is almost 
free flowing. 


SEPARATION AFTER CENTRIFUGING 


Since the centrifuge can reduce the 
moisture content of coarsely sized material 
to very low values, a value below the 
permissible moisture for separation may 
possibly be reached for some materials. 
Materials to be selected for examples 
could be either those which have natural 
high permissible moisture values or those 
which may be coated with films having 
these high values. The films may also be 
water repellent and aid in the dewatering. 

The effect of filming with oleic acid and 
a hydrocarbon oil is illustrated with a 
siliceous fluorite from Rosiclare, Illinois. 
A minus to-plus 35-mesh sample was 
deslimed with water by agitation and 
then treated in a 65 pct solids pulp with 
2 lb per ton of sodium silicate. After 
several minutes an emulsion of 0.6 lb 
oleic acid, 0.5 lb of Emulsol X1, and r lb 
per ton of transformer oil was added and 
the agitation continued for 5 min. The 
slurry was then dewatered in the above 

- described centrifuge and immediately trans- 
ferred to the electrostatic separator, which 
was not heated. The centrifuged solids 
were free-flowing, except for the finest 
size close to 35 mesh, where enough liquid 
was present to result in some adhesion 
between the particles. The results are 
summarized in Table 2. 

The separator was of the simple roll 
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type with an aluminum vibrating feed 
plate-electrifier’ shown as item 1 of Fig 1 
in a previous publication.'* It is a unit 
suited to either conductance or frictional 
electric separations. A  single-roll unit 


TABLE 2—Concentration of Siliceous Fluorite 
after Centrifuging' 


Product Assay, Pct 


Per- 
cent- 
eee age of 
t ota 
No Class ¥ Silica?| Fluor-| Py yor- 


ite 


1 | Silica tailing.... 8.0 | 73.9 | 26.1 2.6 
2 | Middling....... 26.24 45c08 5450 LHF, 
3 | Fluorite concen- 
tratesci nA 65.9 1.6 | 98.4 99.7 
Composite..... 100.0 | 18.6 | 81.4 | 100.0 


1 Minus ro-plus 35-mesh. ; 
2 As residue by dissolving fluorite in aqueous 25 pct 
HCl containing 2 pct HsBOs. 


was used but the material was repassed to 
simulate a commercial multiroll separator. 
The flow sheet was as follows: the heading 
was initially passed through a  6-roll 
separator, with the deflected fraction or 
deflectant!® passing for re-treatment to 
succeeding rolls. The combined undeflected 
fractions were then passed through a 3-roll 
separator, and the undeflected fractions 
of each re-treated on succeeding rolls. 
The final deflectant from the 6-roll separa- 
tor constituted fraction 1 or the silica tail- 
ing, the final residue from the 3-roll 
separator, the fluorite concentrate or 
fraction 3, and the combined deflectants 
from the 3-roll separator, the middling or 
fraction 2. 

The electrodes were of positive polarity. 
For the definition of the electrode a previ- 
ous paper on the conductance-electrostatic 
separator may be consulted.'* Since ap- 
proximately the same results are obtained 
with a negative electrode, the separation 


apparently depends only on conductivity | 


differences. Under these conditions the 
vibrating plate can be omitted as a fric- 
tional electrifier. It functioned merely as a 
feeder. Non-conducting oils, other than 
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transformer oil, or even fusible insulating 
solids could be used. Without reagents and 
with only centrifuging of water from the 


deslimed solid, no electrostatic separation , 


is obtained. 

The same procedure and reagents were 
applied to a kyanite-quartz, and a syn- 
thetic calcite-quartz mixture. However, 
contrary to expectations, both the oleic- 
acid-and-oil-coated kyanite and calcite 
were deflected while the quartz was not 
deflected. Several other factors in addition 
to the water-repellent characteristics of 
an oleic acid coated surface may be 
influential. One of these is surface texture. 
The fluorite had the smooth cleavage 
faces of transparent (macroscopic) crystals, 
whereas its siliceous gangue, petrographi- 
cally identified as quartz, was rough and 
opaque (macroscopic). In contrast to 
this, the quartz associated with the 
kyanite and calcite was transparent with 
smooth surfaces. Surface pore spaces and 
cracks on a rough, opaque mineral surface 
may retain enough water for electrical 
conduction and consequently defeat the 
nonconductive characteristics of the oleic- 
acid film. The lesson to be drawn in these 
experiments is that, whereas certain con- 
ditioning treatments to alter surfaces often 
bring predictable results, it is well to test 
every sample thought likely to yield the 
desired results. Reverse effects from 
predictions do take place and must be 
watched for. 

A similar behavior was found with a feld- 
spar-quartz mixture, the feldspar being 
coated with oleic acid and oil, using hydro- 
fluoric acid as an activator. These factors 
probably should be made to operate in 
unison, such as by coating the quartz 
instead of the feldspar. Efficient separation 
was obtained by merely treating the feld- 
spar-quartz in an aqueous pulp with 
2 Ib per ton of hydrofluoric acid. After 
dewatering in a centrifuge and passage 
through a cold electrostatic separator 
the results of Table 3 were obtained. No 


other drying was used before electrostatic 
separation. 

The electrostatic separation utilized 
only three rolls. The separator had the 
aluminum feeder plate-electrifier, previ- 
ously described for the fluorite separation, 
and a negative polarity electrode. The first 
roll made a separation into a rough feldspar 
concentrate and a rough quartz concen- 
trate. Passage of each of the rough con- 
centrates over another roll gave the 


TABLE 3—Separation of Quartz-feldspar 
after Centrifuging! 


Percentage 
Product aude of Total 
WoeRs I 
(13 ssay, 
d- 
No. Class Pet ees Quartz 
r | Deflectant of 1st 
deflectant..... 23.0 86 62.8 Aue 
2 | Residue of Ist 
deflectant..... 20.9 22 14.6 | 23.8 
3 | Deflectant of 1st 
residue........ 6.0 85 16.2 epee} 
4 |Residue of 1st 
residue.......- 50.1 4 6.4 | 70.2 
Composite..... 100.0 32 |100.0 |100.0 


1 Minus to plus 35-mesh. , . ‘ 
2By handpicking and weighing. Remainder is 
quartz. 


recleaned concentrates of Table 3. The 
quartz concentrate (fraction 4) assayed 
96 pct quartz. The assay of the feldspar 
concentrate (86 pct) can be raised and the 
reclean tailings recovered by further 
passage. With a positive electrode there 
was not much separation. This would 
indicate that charging by contact potential 
on the vibrating plate-electrifier is an im- 
portant factor for this particular separation. 
The test was conducted on the only 
feldspar-quartz sample available. Since 
the sample was partly kaolinized, the 
kaolin part was first removed by aqueous 
scrubbing and desliming. The method of 
scrubbing was that described by Norman 
and Ralston.4 
Without any hydrofluoric acid treat- 
ment, no electrostatic separation could 
be obtained after centrifugal dewatering 
with either a positive or negative electro de. 
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Nothing is known concerning drying 
by the ambient air during these separations. 
If drying did occur it was rapid, since the 
separation time was brief. However, drying 
by the ambient air under high-humidity 
conditions could be assured by heating the 
separator. A modified process for the 
quartz-feldspar example is the complete 
drying with heat of the rough feldspar 
concentrate as a preliminary step to the 
recleaning operation. 

In his paper on the economics of elec- 
trostatic separation, Bullock!® states that 
electrostatic separation can be obtained on 
feed as coarse as minus 6-mesh. These 
sizes agree with the standard screen scale, 
corresponding, for 6-, 10o- and 35-mesh, 
to openings of 3.36, 2 and o.5 millimeters. 
In general, approximately 75 pct of most 
minus 1o-mesh stage ground feeds will be 
present in the plus 35-mesh fraction. The 
minus 35-mesh fraction can be separated 
electrostatically after drying by evapora- 
tion, or it may be separated by froth 
flotation. If separated electrostatically, 
the “increased cost of drying the minus 
35-mesh fraction would be compensated 
by eliminating the collector reagents 
required for froth flotation. 

Fluorine forms covalent compounds 
with many elements. Covalent compounds 
have little ionization. The formation of 
nonionized compounds with some of the 
ionizing trace impurities on the quartz 
surface may explain why fluorine is effective 
in improving the separation of quartz 
under high-humidity conditions. 


DRYING BY EVAPORATION 


Finch’® states that operating costs in 
drying are extremely variable because of a 
large number of influential factors. These 
include differences in relative humidities, 
altitude, the construction of the drier and 
the properties of the material to be dried. 

It is, therefore, difficult to reach any 
conclusions as to the effect of moisture 
content and particle size on the heat con- 
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sumption by examining the data of actual 
operation. However, on a theoretical basis 
all the factors, except the one to be studied, 
can be held constant and the effect of the 
varied factor on the heat consumption 
determined. 

The heat consumption is divided into 
useful heat and lost heat. Useful heat is 
that required for evaporating water. Addi- 
tional heat is necessary for the sensible 
heat of the material and the water, unless 
the process is carried out adiabatically, 
such as by drying in low-humidity air. 
Lost heat includes that lost from the outer 
walls of the drier and that which escapes 
in the heated air or fuel gases not saturated 
with water vapor. In electrostatic separa- 
tion the sensible heat in the dried solid 
can be considered useful for later stages 
of the flow sheet. 

In a nonadiabatic-drying process the 
total useful heat may be represented by: 


Total heat = (sensible heat of material) 
+ (sensible heat of water) + (latent heat 
of evaporation of water). 


With an increase of 100°C in drying, 
the total heat versus the percentage of 
moisture is shown in Fig 2. An arbitrary 
value of o.2 has been selected for the 
specific heat of the material. This is an 
average value for many minerals. For other 
values of specific heat the plotted lines 
would be parallel with the zero moisture 
intercept at the corresponding specific heat 
of the solid. That the data of Fig 2 are on 
the basis of a 100°C rise in temperature of 
the drying feed, must be emphasized. Calo- 
ries per gram may be converted to Btu 
per ton by multiplying by 3600. 

Since the latent heat of evaporation is 
relatively of much greater magnitude than 
the specific heat, the total heat required 
increases rapidly with the increase in the 
percentage of moisture. Thus with a 0.2 
specific heat for the solid, the heat require- 
ment for complete drying of a 5.1-per- 
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centage of moisture feed is twice that for 
I percentage of moisture feed. For drying 
a 3.1-percentage of moisture feed, it is 
twice that required for heating the dry 
solid. 

This demonstrates that drying a feed 
with an initial low-moisture content will 
result in an appreciable saving in fuel 
consumption over that required for a feed 
having a high-moisture content. This, of 
course, is under the condition that all 
other factors, such as plant location, type 
of drier, and atmospheric conditions, are 
kept constant. 

Another influential factor is particle 
size. Fine materials that are to be dried are 
usually caked into lumps or slabs. Remov- 
ing moisture from the internal regions of 
such aggregates requires time for diffusion 
and also for heat transfer. This increased 
time for moisture and heat transfer for 
caked fine feeds over that for the simple 
surface evaporation of moisture from 
coarse, free-flowing solids results in an 
increase in the size of drying equipment, 
with consequent increase in heat - losses. 
For a given method of dewatering, a coarse 
feed will also have a lower-moisture con- 
tent than a fine feed. Accordingly there 
are lower heat losses and a lower initial 
investment for drying coarse electrostatic 
feeds than for drying fine froth-flotation 
concentrates. The use of electrostatic 
separation on coarse particles to avoid 
drying after the quartz-feldspar flotation 
separation of finely ground material is 
described by Gillson.* 

A frequent statement defending wet 
methods of mineral dressing and objecting 
to dry methods is that the crushed rock 
as mined is usually wet. However, with a 
more thorough consideration of the problem 
it is found that the actual moisture retained 
by coal or rock is usually small. 

If we assume that each particle has a 


uniform outer layer of water of thickness A, 


then for a particle of diameter y, fraction X 
of the dry weight as water is: 


B A)3 
te ) Pees g 


i T 
Here B is a shape factor, 1 for a cube, 6 


for a sphere, etc. This equation is difficult 
for calculations or to represent graphically, 
but by taking logarithms to the base e 
of both sides and expanding these logarith- 
mic functions into series form, a more 
simplified expression can be obtained. 


A 
Noting that % and X are small and that 


terms with powers greater than 1 can be 
dropped, a good approximation is repre- 
sented by: 


If for two different sizes, 1 and 2, we 
assume the same thickness of water film, 
A can be eliminated and we have, 


yrX 1 - VyoX 2 


A sample of minus 6 plus 1o-mesh 
quartz-feldspar submerged in water and 
then drained, without raking, for 2 min 
on a screen, contained 20 pct of its dry 
weight as water. By calculation from 
the last equation, a 7-mesh (2.8-mm) 
particle retaining 20 pct of its dry weight 
as water would have a water film cor- 
responding to 1 pet for a 2.3-in.-diameter 
average size. Accordingly, rock as mined 
at an average 2.3-in. size, even if drenched, 
would only retain less than 2 pct surface 
moisture. For porous and friable materials, 
however, this relationship does not hold. 
In this case, moisture is retained not only 
on the surface but in appreciable quantities 
in the interior. 


Costs FOR DRYING AND CENTRIFUGING 


For the spiral-rake, horizontal-axis- 
type centrifuge (Bird) recently marketed, 
the cost depends primarily on the power. 
A conservative estimate for a 25 ton per 
hour machine is as follows: 
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Annual fixed costs 


Depreciation, with first cost of 


$72.000, 1G DCU. acts cs ner 2,200 
THterest iO pets. writes urea int 320 
Insurance, taxes and _ social 

Security, 234) DCt ys -7..- boo 550 
Motel rarcccit ct cts at chertte Sri otene $ 4,070 


Annual variable costs 


Labor, 14 of total time, 2,190 
hours at 75 cents per hour... $1,643 
Power, 75 kw, 8760 hr at 1 cent 


Per vlewabiTee ic acess ey cree weceeaeless 1570 
Upkeep irss pete ascrenrm nates 330 
ROtAL. Ritetratereteias cenetaniattctet. 8,543 
SPital marine CORE ste sis. aie em rare ee gba $12,613 
Lotalvanmual tonnager. + oxi crciec sole taeote 219,000 
CSU WEL LOWMLGK coco burs a cane 2 o eless lean eae 5.8 cents 


Taggart!? quotes a cost of less than 2 
cents per ton for drying coal in the Car- 
penter centrifugal filter. 

For drying stone from an initial 4.8 
to a final 0.3 percentage of moisture in a 
single shell-type, direct-heat rotary drier 
at the rate of 21 tons per hour, Sherwood4 
gives a charge of 16 cents per ton. Finch” 
quotes expenses averaging approximately 
25 cents per ton but ranging from 10.3 
to 60.9 cents. Johnson! in his cost esti- 
mates for electrostatic separation quotes 
25 to 4o cents per ton for drying. He states 
that if bone dryness is required, the 
increased cost will be only 114 to 2 cents 
per ton. 

All these costs are prewar values and 
must be adjusted to fit the present eco- 
nomic conditions. 

If fuel costs are high and power costs 
low, it may be advantageous to dewater 
in a centrifuge before drying by evapora- 
tion methods. Costs for other dewatering 
devices, such as rake classifiers, would be 
eliminated. The centrifuge can also be 
driven by a variety of prime movers. 
With a steam prime mover driving the 
centrifuge, the exhaust steam can be used 
for drying purposes and for heating the 
electrostatic separator, such as by passage 
through the hollow rotating rolls. 

A simple, high-speed, atmospheric 
exhaust steam engine* consumes approxi- 
mately 25 lb of steam per indicated horse- 
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power hour when the pressure supplied 
to the engine is 175 psi. For a too hp 
drive, equivalent to 75 kw., the steam 
consumption would be 2500 lb per hour. 

Steam for drying usually is conducted 
through tubes, over the external surfaces 
of which the material to be dried is passed. 
The tubes may be arranged immobile in 
towers or mobile in rotary driers. With 
10 psi pressure in the tubes, the steam 
consumption is approximately 134 lb 
per 1 lb of water evaporated.’ 

On the basis of these data, a simple, 
high-speed steam engine driving a cen- 
trifuge delivering 25 tons of material per 
hour would have enough exhaust steam to 
evaporate water equivalent to 3.3 pct of 
the weight of the centrifuged material. 
Referring to the previous discussion of 
Fig 2, such a quantity of heat would be 
small. It would be slightly greater than 
that required for the sensible heat needed 
for a too°C rise in the temperature of 
the solid. 

The problem, therefore, of exhaust 
steam from a steam prime mover, especially 
for one more efficient than the simple 
engine, is not that of a surplus but of a 
deficiency of drying steam. The various 
requirements however are adjustable, such 
as use of additional steam prime movers, 
or a steam-electric plant, for the total 
source of power. 

Heat from a diesel prime mover can 
also be utilized,4 however, the available 
exhaust heat is much smaller equivalent, 
after converting to steam, to evaporating 
only o.1t pct, instead of 3.3 pct, of the 
weight of the centrifuged material as 
water. Again the requirements are adjust- 
able such as by using additional diesel 
power for other drives, or by using the 
diesel-electric plant as the source of total 
power. If the exhaust gases were brought 
into direct contact with the material to be 
dried, more heat would be available. 
Objectionable carbonaceous matter and 
soot could be initially removed with 
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electrostatic precipitators. The heat in the 
jacket cooling-water of the diesel may also 
be of value. 

Incidentally, Overstrom!® has described 
the use of steam in drying sand in prepara- 
tion for his pyroelectric process which he 
actually carried into practice for years. 
His method was to cascade the sand over 
pipes through which steam was passed. 
Pipe is a common standard commodity and 
for this reason a cascade drier can be con- 
structed with little expense. 


LIQUIDS OTHER THAN WATER 


Minerals can be separated according 
to their differences in dielectric constant 
when suspended in a nonconductive liquid 
dielectric of intermediate dielectric con- 
stant.2 The method was originated by 
Hatfield!” and described further by Hol- 
man and Shepherd.!8 Since the electric 
forces in this process are determined by 
volume properties instead of surface 
properties, as commonly encountered in 
conductivity and contact potential separa- 
tions, surface impurities, unless of very 
high dielectric constant, have little in- 
fluence on the separation. The effect of 
surface impurities in conductivity separa- 
tions has been previously described." 
Also because of these volume properties, 
the potentials, electric-field regions, and 
electrodes, can be changed dimensionally 
to match the particle size. Theoretically 
a wide range of particle sizes may therefore 
be separated. 

Hatfield developed this process to a 1 
ton per day stage working on Cornish 
cassiterite and Colorado roscoelite, both 
with siliceous gangues. The ores were 
separated at slime size, evidently the size 
needed for liberation. Apparently there 
is hardly any limit to the fineness of the 
slimes at which the process will operate. 

With these slime sizes, Hatfield reports 


| 30 pet of the dry weight as liquid retained 


in the filter cakes and recovers this by 
distillation at 300°C. Such an operation 
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is much more expensive than removing 
water by evaporation in a direct-heat 
rotary drier. Any loss or incomplete re- 
covery of the dielectric liquid—in this 
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instance a solution of nitrobenzene in 
kerosene—will also result in prohibitive 
costs. 

No commercial applications of the 
process have been reported in the litera- 
ture. It is believed that if the actual 
separation can be made to operate effi- 
ciently, the only obstacle to successful 
commercial application is solution of the 
dielectric liquid-recovery problem. 

An alternative to the removal of the 
dielectric liquid by distillation, or cen- 
trifuging, is displacement as a liquid by 
water. There is no need for drying the 
rejected gangue. Drying a large amount of 
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gangue merely represents a waste of energy. 
Displacement of oils by water is practiced 
in the recovery of the organic sink-float 
liquids for separating coal. However, the 
coal is in a much coarser size and also given 
a preliminary coating with a wetting agent. 
The problem here is to operate at much 
finer sizes and without the presence of 
liquid water on the particles before in- 
troduction into the liquid dielectric. 
Preliminary coating with a wetting agent 
usually necessitates the addition of liquid 
water to the mineral surface. 
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air and water in equilibrium with quartz 
and galena, the angles of contact are < 31 
and 86.22 Quartz has the low dielectric 
constant of 52% and galena the high dielec- 
tric constant of > 80. An exception is 
calcite which has the low dielectric con- 
stant, € = 8,23 and the high contact angle, 
(i) = fe). 

The displacement of oils from calcite 
and spodumene, with associated minerals, 
by water with the aid of surface active 
agents is summarized in Table 4. 

The general procedure consisted of 


TABLE 4—Water Displacement of Oil from Minus 100-Mesh Solids 


Water Dis- 
placing Oil 


Displacement 
of Oil by Water 


daxad¢ 


: Initial : 
Solid Treatment Oil 


Test No. — nop 


@ Rolled with pebbles with 4-1b daxad (sodium lignin sulphonate), and 50-lb water, per ton. 


I calcite none kerosene dry none 

2 calcite daxad« kerosene daxad¢ moist none 

2 calcite calgon® kerosene calgon¢ moist complete 
4 calcite calgon? kerosene calgon¢ dried complete 
5 spodumenes calgon? kerosene calgone¢ dried complete 
6 spodumene/s none kerosene calgon¢ dry partial 

7 spodumene/ none kero-nitro¢ calgon¢ dry complete 


> Same, but with 2.5-lb calgon (sodium hexametaphosphate), and s50-lb water, per ton. 


© 4 parts kerosene plus 1 part nitrobenzene. 
@ Water contains daxad. 

¢ Water contains 0.15 pct calgon. 

f Also associated feldspar and quartz. 


Dielectric liquids other than kerosene 
and nitrobenzene may be used. The 
requirements are low cost, low volatility 
and low toxicity. The hydrocarbon kerosene 
has a much lower surface tension than 
water, ¢ = 72.8. It compares with benzene, 
o = 28.9, and hexane, o = 18.4.2° The 
function of the surface active agent is to 
lower the surface tension of the water so 
as to permit it to wet the solid and displace 
the oil. Kerosene has the lower dielectric 
constant, € = 2,74 and is used in greater 
proportion for the lower dielectric-constant 
minerals. Nitrobenzene has the higher 
dielectric constant, € = 36, and is used in 
greater proportion for the higher dielectric- 
constant minerals. The surface tension of 
nitrobenzene, o = 43.9, is higher than 
that of kerosene. Fortunately the lower 
dielectric-constant minerals are, in general, 
more easily wetted by water. Thus with 


adding the solid to the oil, removing the 
excess oil, adding this solid to the water, 
removing the excess water, and then 
determining the residual liquid by dis- 
tillation. Excess oil and water were re- 
moved by absorption with filter paper. 
After the oiled solid was added to the 
water, the mixture was agitated violently 
and then allowed to stand. When oil 
was displaced the solid settled to the 
bottom and the oil rose and coalesced to 
a layer floating on the water. Mixtures 
up to and including 2 parts of nitrobenzene 
to 1 part of kerosene float readily on water. 

The solids were added to the oil in three 
conditions, pretreated and moist, pre- 
treated and dry, and not pretreated and 
dry. The surface active agent was also 
present in the displacing water. Sodium 
hexametaphosphate was effective in per- 
mitting the oil to be displaced by water 
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even without pretreatment. The difference 
in tests 6 and 7 is explained by the fact 
that the nitrobenzene has a higher surface 
tension than kerosene. It is preferable to 
have the surface agents which lower the 
surface tension of water inorganic and 
water-soluble only, and the constituents 
in the oil, organic and oil-soluble only. 

The rock probably could be pretreated 
in a dry state by rolling or agitating with 
the solid or concentrated surface-active 
agent. That the agent will spread over the 
rock in this condition is demonstrated 
in the use of grinding aids for dry-grinding 
Portland cement clinker. 

In test 6 the partial displacement of oil 
by water may indicate preferential wetting 
of one mineral constituent with water. 
Liquid water has a high dielectric constant. 
Such‘an increase by water filming in the 
over-all dielectric constant could aid the 
dielectric separation of the minerals. It 
could also aid in conductivity and con- 
tact-potential separation. 

If the dielectric liquid has some solu- 
bility in water, the displacement water 
can be recycled and recovered from the 
rock by washing with fresh water. This 
procedure also reduces the consumption of 
the surface-active agent. Drying of the 
dielectric liquid after recovery may be 
necessary. 

In arid regions, displacement of the 
dielectric liquids with water is not prac- 
tical. However, there are other distillation 
alternatives. One alternative is the use of 
low-boiling point dielectric liquids to 
increase the variety of available heat 
sources. Another alternative is distillation 
under conditions in which the heat changes 
are maintained in a closed cycle. Here the 
heat required for distillation is supplied 
by the heat evolved in the dielectric liquid 
or water recovery by condensation. 

Since a temperature drop results from 


‘heat-transfer requirements, some addi- 


tional energy must be introduced into the 
system. This additional energy W is only 
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a small fraction of the total heat Q2 in- 
volved in the distillation, provided the 
temperature drop for heat transfer is 
also small. It is represented by the familiar 
thermodynamic relationship for the heat 
engine, 


where 7, and TJ, are the absolute tem- 
peratures respectively for the condensation 
and the distillation. The energy W would 
be supplied by a compressor, probably 
of the rotary type, operating in the pressure 
range of the boiling points 7; and T». 

A convenient type of distillation ap- 
paratus could consist of a jacketed and 
closed trough with a semicylindrical bottom, 
along which the material is conveyed by a 
spiral agitator. The jacket serves as a 
condenser for recovering the liquid. The 
compressor operates on the pressure 
differential between the inside of the 
trough and the jacket. Waste heat also 
has its applications here when the ther- 
modynamics of the problem are con- 
sidered. It would be useful in supplying 
the sensible heat for the feed. 


SUMMARY 


In the electrostatic separation of broken 
solids by use of (1) differences in con- 
ductance, (2) differences in contact poten- 
tial or frictional electricity or (3) differ- 
ences in dielectric constant, the effects 
of the presence of moisture or other liquid 
in various proportions is discussed. The 
range of permissible moisture content 
varies with the minerals involved and the 
process used. Certain of them are shown 
to demand very low moisture content on 
the mineral particles and in the ambient 
air; in other instances, high concentrations 
of moisture have little effect. 

Water present in volumes greater than 
permissible can be removed mechanically 
as liquid or by evaporation. The cen- 
trifuge is capable of removing water 
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mechanically to very low values on 
coarsely sized material. This is shown by 
the electrostatic separation of fluorite 
from siliceous gangue, and of feldspar from 
quartz, after the mechanical removal of 
liquid water with the centrifuge. 

Cost estimates for removal of water 
with the centrifuge and by evaporation 
indicate that the centrifuge is less ex- 
pensive. Use of steam and diesel prime 
movers for driving the centrifuge, with the 
application of the exhaust steam and 
waste heat for final drying, has possibilities. 

Rock mined at a coarse size contains 
very little moisture, even if drenched. 
Drying for the electrostatic separation 
of coarsely mined rock consequently does 
not require the evaporation of much 
water. 

The recovery of dielectric liquid medium 
in the dielectric-constant method of separa- 
tion presents the same problems but can 
be solved in a different manner. Here, 
displacement with water is more satis- 
factory. This method can be made to 
operate on material of very small particle 
size. 
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DISCUSSION 


H. L. Burtocx*—This paper is a valuable 
addition to the literature pertaining to the art 
of electrostatic separation. It is a triple con- 
tribution to the art, for the following reasons: 

First, the reports of the tests which he made 
prove that certain mineral separations are 
possible at high humidity and with materials 
containing an appreciable amount of water. 


* Director, Bullock-Smith Associates, New 
Works) Neva 
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Successful separation of these materials under 


-almost run-of-the-mine conditions indicates 


that, as new problems of separation arise, 
careful tests must be made before electrostatic 
separation is rejected as a possible method, due 
to the old belief that successful operation was 
only possible with dry materials under low 
humidity conditions. 

Second, the information included in _ his 
paper on the costs of mechanical-and thermal 
drying, on the amounts and types of reagents 
necessary for surface treatments, and on the 


methods of recovery of dielectric liquid 


mediums will allow much more accurate esti- 


mates of costs of electrostatic separation of 


minerals and other substances. 


Third, once again, as in his joint paper with 
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O. C. Ralston in 1940,2* Mr. Fraas has care- 
fully set forth the relative nature of the surface 
charges and the effects of variation of surface 
and mass conductivity. Such scientific ap- 
proach should relieve us of any faith in the 
Johnson Mineral Table of the electrostatic 
behavior of various minerals which may be 
still existing and teach us the proper approach 
to electrostatic separation problems. On a 
practicality basis, Mr. Fraas has restricted 
himself to separations which occur in actual 
mining practice. This is a distinct improvement 
on earlier publications by others which stress 
such noncommercial separations as graphite 
from sulphur? and graphite from corundum.*® 

24 Foster Fraas and O. C. Ralston: Ind. 
Fing. Chem. (1940) 32, 600-604. 


22H. B. Johnson: Ritter Products Corp. 
Form No, J-1o1-246 3-P. 


The Electrostatic Separation of Several Industrial Minerals. 


Foster FrAAS* AND OLIVER C. Ratston,{ Mrempers, AIME 


INTRODUCTION 


ELECTROSTATIC methods of separation 
are used only when some peculiar ad- 
vantage is gained. Such cases are minerals 


— 


Fic 1—TyYprs OF SEPARATORS. 


240 


that are not separable by differences in 
specific gravity or magnetic response and 
that are desired in particles as large as 
1o-mesh, a size on which flotation separa- 
tion is inefficient. This paper covers several 
separations of this type and others. It 
includes studies in the electrostatic be- 
havior of kyanite, sillimanite, and zircon, 
simple silicates that cannot be called either 
acid or basic but are more nearly neutral. 
Kyanite and sillimanite are both desired 
in 1o-mesh size and are difficult to bene- 
ficiate from low-grade ores to give that 
type of concentrate. A separation of garnet 
from diopside was studied because this 
mixture had been removed from a wollas- 
tonite product by drying and magnetic 
separation, and no special or extra-prep- 
aration for electrostatic separation was 
necessary. ; 


THE SEPARATOR q 
The separator used in these tests is of the 
nonhomogeneous field type shown in Fig 
ta. It consists of a 11.4-cm-diam rotating — 
metal roll 2 at ground potential over which 
the dry mixture of minerals is fed. The 
roll serves as one electrode of the separating 
field, and the other electrode is that of 3 
a smaller 5-cm-diam rotating metal cylin-" 
der which is held at a high direct-current 
potential. In this paper the term “elec- 
trode”’ will be confined to the electrode at 
3, roll 2 being designated only as “roll. 4 : 
Published by permission of the Directoell 
Bureau of Mines, U.S. Department of Interior. 


Manuscript received at the office of the Insti- . 


tute June 2, 1947. Issued as TP 2408 in MINING | 
TECHNOLOGY, July 1948. 
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This arrangement of field is widely used, 


exemplified by the Johnson separator. 
Material on roll 2 can take on a charge of 
the roll polarity by conduction or by other 
means of imparting charge. Frictional 
electrical charging can be added to this 
separator by the vibrating aluminum 
plate 1, which serves also as a feeder. These 
vibrating ‘‘electrifiers’ have been de- 
scribed in a previous publication.! Charges 
caused by frictional electrification may 
superpose on or oppose charges taken on 
by conduction. If frictional charging is 
negligible, the vibrating plate functions 
only as a feeder or may be eliminated. The 
dividing edge 4 provides for the split into 
two fractions. The fraction adjacent to the 


roll side is designated the nondeflectate. A 


feed hopper is shown at 6, and 5 is a plate 


for electric shielding. In simulating a 
multiple-stage or multiple-roll separator, 


one of the separated fractions was merely 


-repassed through this single stage, the 
“number of passes corresponding. to the 


number of rolls. Both the separator and 
_ material were heated. 
Other types of separators can also be 


used. One alternative is the immobile cas- 
_ cade type of separator illustrated in Fig 1b. 
~ Here roll 2 has been replaced by a vertical 
plate. A second parallel plate could be 


substituted for electrode 3, but it tends to 


z: obstruct the deflected particles. There are 
no moving parts. Although this type of 


~ separator has a lower separation efficiency 


for some minerals than that of Fig 1a, it is 


simpler and less expensive to construct. 
_ Sheet 6 can serve not only as a feed hopper 


but also as the more important function of 


a baffle for directing the stream of feed. 


With minerals which tend to adhere, it 
is necessary to tap or vibrate plate 2 and 


: electrode 3. A self-cleaning grid electrode, 
consisting of a planar arrangement of 


2 round tubes, is illustrated in Fig tc. The 


tubes are connected in successive order to 


1 References are at the end of the paper. 
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a polyphase alternating-current, high- 
voltage source 7 having a downward sweep 
in phase variation. The alternating-current 
source system is also connected to the usual 
higher-voltage direct-current source 8. 
This electrode may serve as a replacement 
for the electrode 3 in Fig 10. 

Other alternatives are the vibrating- 
table-type separator described in a previous 
publication,? and a simplification of the 
separator in Fig 1a by a replacement of 
roll 2 with the discharge edge of vibrating 
plate 1. 


PRELIMINARY CONDITIONING 


Some minerals can be separated without 
preliminary conditioning; others require it. 
Conditioning procedures may be divided 
into two groups; those which result in (1) 
surface cleansing, or in the removal of 
certain constituents from the mineral sur- 
faces, and (2) those which form surface 
films. The first group usually requires an 
aqueous pulp, unless the constituents re- 
moved can be volatilized, abraded, or 
dispersed. The second group can proceed 
in either a wet or dry state. 

The mechanism of surface cleansing is 
more complicated than is generally as- 
sumed. Some light has been thrown on the 
subject by research in fields other than 
electrostatic separation. For example, sur- 
faces which are exposed to a low-pressure 
electrical gas discharge, the ionized part of 
a gas flame, sparks in air, or to a high- 
frequency brush discharge, are changed so 
that moisture later deposited on the surface 
from a humid atmosphere forms a con- 
tinuous transparent film. In contrast to 
this, the same moisture deposited on the 
untreated surface forms the customary 
minute-droplet fogging type of deposit. If 
the object is a plate of glass and if the 
cleaned portion is in the shape of a design 
or figure, the design can be transferred to 
another plate of glass merely by bringing 
the second plate in proximity to the first 
plate, but not actually in contact. With 
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glass, the cleaned portions have a greater 
electrical conductivity and a_ greater 
coefficient of friction.* The electrical gas- 
discharge treatment also increases the 
adhesion of metal films formed by high- 
vacuum deposition.4 This increased adhe- 
sion suggests other applications to the 
processing of industrial minerals, such as 
the metal filming of abrasive powders 
so that they may be compacted later by 
powder metallurgy methods into useful 
cutting tools. The same technique could be 
extended to the metallic and nonmetallic 
filming of other powders to produce 
desirable surface properties. These proper- 
ties may contribute color and reflectivity, 
form electrical insulating films such as on 
powders for magnetic cores, or, for metal 
films on metal powders, provide for certain 
powder metallurgy objectives. 

For aqueous conditioning, the minerals 
in the acidic igneous rock frequently 
respond to any of the highly-dissociated 
acids, such as sulphuric or hydrochloric. 
The basic pegmatites usually require 
hydrofluoric acid or a mixture of sulphuric 
acid and a fluoride salt. Minerals that are 
heavily iron-stained can be cleaned with 
the more effective and less expensive 
sulphurous acid or its highly reducing 
derivative, zinc hydrosulphite. Attrition 
scrubbing is satisfactory for the removal 
of friable films. 

Benzoic acid has been consistently used 
by us for selective film formation. Although 
previous applications of benzoic acid were 
confined to the more basic minerals, such 
as ulexite! and zoisite,® the work presented 
here is an extension to the less chemically 
reactive or neutral types, such as kyanite, 
sillimanite and zircon. Also in previous 
work an effort was made to apply a filming 
reagent either as a gas or in a dilute solution 
(followed by drying). The present investi- 
gation demonstrates that the solid or 
liquid reagent, undiluted, may be added 
directly to the minerals to be conditioned. 


One advantage in the use of benzoic acid ~ 


for film formation is that it is volatile. The - 


use of a vapor avoids the possible error of 
adding an excess of reagent. Additional 
tests have shown that other organic acids 
having a hydrocarbon group of sufficient 
length are also satisfactory. These include 
salicylic, phthalic, heptylic, and cresylic 
acids. Benzoic and salicylic acids contain 
carboxyl groups attached to aromatic rings. 
Heptylic acid contains a carboxyl group _ 
with an aliphatic chain. Cresylic acid is a 
mixture of cresols and xylenols which 
contain hydroxyl instead of the acid- 
carboxyl groups. However, the hydroxyl 
group when attached to an aromatic has 
acid properties. Oxalic acid was not satis- 
factory. This can be explained by the fact 
that oxalic acid does not have a hydrocar- 
bon appendage of sufficient length. 

In the aqueous conditioning of small 
batches, the slurry was mixed with the aid 
of a bakelite rod in a beaker (bakelite for 
HF) slowly rotating about its cylindrical — 
axis, which was fixed at an angle with the © 
vertical. Larger batches were agitated in a 
rectangular box by a slow, rocking motion. 
Washing was performed by the customary - 
decantation method and was followed by 
drying. : 

Conditioning with benzoic acid was done — 
in a pyrex glass beaker with rod. The anhy-_ 
drous acid was weighed on a sensitive — 
balance and introduced into the hot, dry 
solid by stirring and rolling. 3 


GEORGIA SILLIMANITE 
> 


The separation of a Georgia sillimanite_ 
schist containing sillimanite, quartz and 
biotite shows where conditioning in both — 
the aqueous and dry state is beneficial. 
Aqueous-acid treatment results in a change 
from practically no separation to a good 4 
separation, while additional treatment of — 
the dried product with benzoic acid yieldal 
further improvement. For example, two 


tests, identical except for the omission of 
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benzoic acid in one, yielded respectively 
for grade and recovery of sillimanite, 93 
and 82 pct without benzoic acid, and 96 
and 89 pct with benzoic acid. 

Better separation is obtained with the 
use of hydrofluoric acid in the aqueous-acid 
conditioning than with other inorganic 
acids. However, the addition of only 


concentrate. The combined deflectate from 
this second separator constituted the re- 
clean tailing. 

For market requirements a sillimanite 
concentrate having less than 5 pct quartz 
is satisfactory. The concentrate of Table 1 
meets this requirement. The main residual 
impurity, biotite, can be removed by pas- 


TABLE 1—Separation of Georgia Sillimanite 


Product 


Composition, Per Cent¢ 


Becorpee bie tat atla tl Piss heas chose etsyaia isso ciel: ole als @ lows esinie Ue sie = 
Berea Te CUNY “a .cateasss)s, Wuapelis ove w.cie sts © «taps oasis] aevcele aye > 
Pecieaned CONCENtTALE. 2... 50k cs cttw sere eee 
BOS DOSIEC picks /osn o!asnin) <0 war & unger ce 6 wele) Yous sev singe. e = 


ae, Per Cent 
me sgt of Total 
ie tole a ae : Sillimanite 

Quartz | Biotite | Sillimanite 

4l.7 ol. 5.0 3 ae 4.0 

bis Pe 55-6 26.0 18.4 13-8 

nee 1.4 2.9 05.7 82.2 
100.0 53.0% 10.0 26%2. 100.0 


 ———— 


@ By acetylene tetrabromide sink-float and alnico magnet for biotite. 


minute amounts of hydrofluoric acid to the 

other inorganic acids is satisfactory. A 
separation utilizing this combination is 
summarized in Table 1. The separator was 
_ that illustrated in Fig ra with the attached 
vibrating plate electrifier. The electrifier 

may introduce frictional charging. A 


_ minus 14-plus 65-mesh rougher wet-gravity © 


table product was conditioned for 20 min. 
with 2.5 lb of H2SO, and 0.25 lb of HF per 
~ ton of feed in a 65 pct solids pulp. After 


Bi fashing and drying by heating, it was - 


_ further treated by stirring 1 Ib of benzoic 
acid per ton into the hot, dry feed, the 
acid vaporizing and spreading through 
_ the mass. Conditioned in this manner, the 

geartz is deflected and the sillimanite not 

~ deflected when the electrode is positive, 
; and vice versa when the electrode is 
negative. The biotite is deflected with 
either polarity. On passage over a 3-roll 

separator with the adjacent electrodes of 
; negative polarity, the nondeflectate was 

oe over succeeding rolls to finally yield 

the rougher tailing. The deflectates were 
" combined as heading for a second 3-roll 
separator having positive electrodes. The 
_ nondeflectate passed over succeeding rolls 
to yield, after the last roll, the sillimanite 


\ 


sage over additional rolls or by a magnetic 
separator. 


BAKER MOUNTAIN, VIRGINIA, KYANITE 


Kyanite-bearing rock with quartz-mus- 
covite-chlorite gangue responds in a similar 
manner to aqueous and dry conditioning. 
Without conditioning the separation is 
negligible. In the aqueous conditioning 
inexpensive acids such as sulphuric are 
satisfactory and there is no appreciable 
increased separation efficiency through the 
use of hydrofluoric acid. A typical separa- 
tion is sammarized in Table 2. 

A minus 1o-plus 65-mesh fraction of 
partly weathered Baker Mountain, Va., 
rock, from which clay had been previously 
removed by washing, was conditioned for 
20 min. with 10 lb of H2SOx per ton of feed 
in a pulp containing 65 pct solids, washed 
and dried by heating, and further treated, 
while hot, with 2 lb of benzoic acid per ton. 
The electrostatic flowsheet, involving two 
3-roll separators of the Fig 1a type, was the 
sameas that for the sillimanite. The quartz, 
chlorite, and muscovite are deflected and 
the kyanite not deflected when the elec- 
trode is positive, and vice versa when the 
electrode is negative. The rutile and ilmen- 
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recovery is clearly illustrated by the assay 
of the coarse sizes of rougher tailings of two 
tests summarized in Table 3. The two tests 
are identical, except in the use and omission 


ite are deflected with either polarity. The 
nondeflectate from the first separator with 
negative electrodes constituted the rougher 
tailing, the nondeflectate from the second 


TABLE 2—Separation of Baker Mountain, Va., Kyanite 
Oe SS eee 
Sink-Float and Petrographie Assay, Per Cent 


i Per Cent 
Weight 
Product Per ( ent Sink,¢ of Total 
Float Kyanite 
Kyanite | Hematite Others?® ‘i 

Rowshorebaling Feral accveraeloisrshersce 58.1 04.5 I 4 3 
Revcleaied ailing ix jergatiers sepstsuoeiie olen 18.3 51.4 10 39 8 
Recleaned Concentrate............. 23.6 ee 86 11° ° 89 
CoO MPOsitOs se. ete ele ire etre aietelae 100.0 65.1 23 12 100 


2 Acetylene tetrabromide sink-float assay with petrographic assay of the sink fraction. 


> Rutile, ilmenite and hematite. 
¢ Hematite stain on the kyanite. 


separator with positive electrodes, the 
kyanite concentrate, and the deflectate 
from the second separator, the reclean 
tailing. 


of benzoic acid. For example, in the minus 
14-plus 20-mesh tailing fraction, the 
kyanite content is reduced from 9.3 to 0.5 
pct by the benzoic-acid treatment. 


TABLE 3—Assay of Sized Fractions of the Baker Mountain Kyanite Rougher Tailing 


Sized Fraction 


Minus* ro plus 4 mesh (a )®. cee .ac oleiewelecre sloeicie xe 
Mintis 14) plus:20 mesh (Dy). temate len masini mnemet nis 


eae ek 27 3.7 
i fate re is 9.3 0.5 


Composition, Per Cent Kyanite 


Test with Benzoic 
Acid Treatment 


Test without Benzoic 
Acid Treatment 


’ 


* The weight per cent of the total tailing in fractions (a) and (b) were respectively 4.1 and 13.2 in the test 
without benzoic acid, and 3.7 and 10.2 in the test with benzoic acid. 


Unfortunately this sample is heavily 
iron-stained, so that the impurity in the 
concentrate assaying 96.7 pct sink is a 
hematite coating. However, the data show 
what can be accomplished with the me- 
chanically free constituents. The hematite 
coating does not seem to affect the separa- 
tion, since both the blue-unstained and the 
brown-stained kyanite particles collect in 
the same fraction. Rutile and ilmenite are 
concentrated with the gangue in the reclean 
tailing. The minerals removed as gangue 
are chlorite, muscovite and quartz, with 
quartz predominant. 

The use of benzoic acid increases both 
the kyanite recovery and the percentage of 
kyanite in the concentrate. The increase in 


New York GARNET—DIOPSIDE 


q 
This is an example of a mineral combina- 
tion that can be separated without pre- 
liminary conditioning with reagents. The 
garnet and diopside are associated with 
wollastonite, the occurrence and uses of 
which have been described in a paper by 
Broughton and Burnham.‘ They give data 
for the separation of the garnet and diop- _ 
side, as magnetic minerals, from the wol-_ 
lastonite, as nonmagnetic, adding that the 
garnet and diopside are magnetic enough _ 
to be attracted with an Alnico permanent 
magnet. The magnetic method will not 
yield a separation of garnet from diopside. 
A sample was accordingly submitted to the | 
Bureau of Mines by K. D. Burnham, with 
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inquiry as to an electrical method of 


separation. 
With the conductivity electrostatic 
method, the garnet has a high probability 


of deflection. The probability for the 


diopside is low. Investigation shows that 
the vibrating plate electrifier has no 
influence on the separation (no frictional 
electric charging) and that a simple roll- 
type separator suffices. The quantity of 


- garnet deflected from the grounded cylinder 


depends on the polarity of the charged 
electrode. At a potential at which 80 pct 
of the garnet is deflected after 3 passes with 
a negative electrode, only 45 pct is de- 


“flected with a positive electrode. This 


indicates that the garnet is a semicon- 
ductor with asymmetrical conductivity. 
The importance of semiconductor prop- 


erties in electrostatic separation has been 


discussed in a previous paper.’ By con- 


- structing the separator roll of semiconduc- 
tor material instead of metal, further 
advantage may be taken of these semi- 


conductor properties. The asymmetric 


- conductivity, most of which is controlled 


by the particle-roll interface, will depend 
not only on contact potential differences 


- but also on whether the particle and roll 
are electron or positive hole conductors. 


For example, zinc oxide is an electron 
conductor and cuprous oxide a positive 


~ hole conductor. In positive hole conductors 
the current is carried by the transport of 
- electron-missing places in the crystal struc- 
ture instead of by electrons. Data on the 
influence of the type of semiconductor 


_ = 


and the contact potential on the asym- 
metrical conductivity at the interface may 
be found in the cited literature of a previous 


- publication.’ 


The concept of an asymmetrical trans- 


- port of charge may possibly be extended to 
_ substances, intermediate between semi- 


ft 


} 

a 
3 
fe - 


conductors and ideal nonconductors, where 
the transport may occur only at the inter- 


face without any additional transport deep 
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within the internal structure.’ For exam- 
ple, if a particle is in contact with a roll 
having an adjacent negatively charged 
electrode, the roll is positive and the 
particle negative at the roll-particle inter- 
face. The negative charge on the particle 
at this point is an induction charge, which 
is accompanied by an equal and opposite 
charge at the opposite extremity of the 
particle. If a transport of charge can occur 
across the interface, the charge on the 
opposite extremity alone remains, and the 
particle is deflected. An asymmetrical 
transport results when, under the condi- 
tions of a reversed polarity of the adjacent 
electrode, there is no transport and conse- 
quently no deflection. The polarized deflec- 
tion of such apparently nonconductive 
particles has previously been explained on 
the basis of an initial frictional electrifica- 
tion. Although frictional electrification has 
been demonstrated! for some separations, 
no experimental data are yet available to 
substantiate the alternative mechanism. 
The high probability of deflection of the 
New York garnet is in contrast to the low 
probability of the garnet in Oregon beach 
sand. A difference in its iron content is 
evidently an influential factor. The Oregon 
garnet is the low-iron, high-calcium gros- 
sularite, whereas the one now discussed is 
the high-iron andradite. An analogous 
increased probability of deflection with 
increased iron content is exhibited by high- 
iron Oregon chromite as contrasted with the 
low-iron, high-magnesia African chromite.’ 
When New York garnet is separated 
electrostatically from diopside without pre- 
treatment, the garnet is recoverable in a 
concentrate assaying 1 pct diopside, with 
approximately 95 pct recovery. Small 
amounts of wollastonite remain with the 
diopside. If this wollastonite is discarded 
magnetically, the electrostatic-diopside con- 
centrate would assay approximately 90 pct 
diopside. The diopside content of the head- 
ing is only 5 to 10 pct. Approximately 64 
pct of the diopside is recovered in the 
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concentrate, and 20 pct remains in the re- 
clean tailing. It is probable that the 
reclean tailing can be reworked for further 
recovery of diopside. Diopside is normally 
of no value but promising ceramic uses 
have recently been described.® 

These results are illustrated in the elec- 
trostatic separation of a minus 1o-plus 20- 
mesh magnetic concentrate summarized in 
Table 4. A closely sized feed resulted from 
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et me 


At the 10-mesh size a large proportion of 
the wollastonite is free of the magnetic 
garnet and diopside. Broughton and Burn-_ 
ham state that grinding to minus 35-mesh 
is necessary for complete liberation. The 
recommended flowsheet is to grind to a 
coarse size, separate a portion of the feed 
weight magnetically as free wollastonite, 
grind the residue to minus 35-mesh, remove 
dust, separate the remaining wollastonite — 


TABLE 4—Separation of New Y ork Garnet-Diopside* 


Composition, Per Cent Per Cent of Total 
Weight 
Product PemiCane Psst are] ie: 
Garnet | Diopside | Wollastonite ‘Grains Garnet iopside — 

Garnet concentrate............ 90.0 74 1b [) 25¢ 97 17 
Diopside concentrate.......... 423 5 80 II 4 to) 64 
Reclean tAiling::) Jeet | eeshes 5.7 33 19 4 44° 3 19 
Gomposite cen. sst Wee ra tee LOO nO 69 5 100 100 


@ Minus ro-plus 20-mesh heading. 


5 One-half consists of garnet-diopside locked grains. 


¢ Garnet-wollastonite locked grains. 


4 60 pct garnet-wollastonite and 40 pct diopside-wollastonite locked grains. _ : : 7 
* 80 pct garnet-wollastonite, 15 pct garnet-diopside-wollastonite, 5 pct diopside-wollastonite locked grains _ 
‘ 


a preliminary magnetic separation of 
garnet-diopside from wollastonite. Such a 
close sizing is not necessary for the electro- 
static separation. Both the material and 
separator were heated. The feed was passed 
through a 3-roll separator, with the non- 
deflectate passing to succeeding rolls. The 
deflectates from the 3 rolls were combined 
and repassed through a second 3-roll 
separator. The deflectates from the second 
3-roll separator constituted the clean 
garnet concentrate. The final nondeflectate 
from both 3-roll separators were combined 
and passed over a o-roll separator, the 
deflectates from this constituting the 
reclean tailing and the final nondeflectate 
the diopside concentrate. 

All the stages utilized negatively-charged 
electrodes and also carried the same rate of 
feed. Since the 3-roll separators remove 88 
pet of the feed weight, the 9-roll separator 
can be of much smaller units. Only r2 pct 
of the capacity of the 3-roll separators is 
required. 


magnetically, heat the magnetic ‘“‘residue,”’ — 
and separate into garnet and diopside by — 
electrostatic means. : 
The advantage of the electrostatic 
method in this case is that there are no 
reagent costs and no drying costs. The 
heating for the electrostatic separation is 
merely to remove adsorbed moisture, which — 
is negligible compared to the evaporation _ 
of liquid water in drying. Water that may © 
be accumulated in mining is small because — 
of the small surface:mass ratio of he 
coarse rock. The electrostatic separator, — 
once adjusted, requires very little attention. 
There is no constant determination and 
adjustment of reagent flow and pulp — 
densities. 


Mir See yy? Penh lt 
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FLormA KYANITE—ZIRCON 


The west Florida beach sands have 
rounded grains, which are confined within 
a narrow range of size limits. Because of the 
same rounded-grain shape of all the min- 
eral constituents, the quartz can be 
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separated from the kyanite and zircon by 


_ such gravity methods as wet tabling. 


Crushed-rock kyanite, as represented by 
the previously described Baker Mountain, 
Va., sample, has an elongated grain. This 
elongated shape nullifies the advantages of 
density differences during tabling and 
necessitates application of other methods, 
such as the electrostatic. The same elec- 
trostatic procedure that was satisfactory 
for the Baker Mountain kyanite is also 
applicable to the Florida beach sands, with 
the added fact that the separation is more 
efficient. The increased efficiency elimi- 
nates the necessity for using benzoic acid. 

The electrification characteristics are in- 


_ tense enough apparently to pass beyond the 


intensity for good separation. After condi- 


tioning with dilute sulphuric acid, washing 


and drying, excellent separation is ob- 


tained at atmospheric temperature in air 
of moderate humidity. However, if the 
dry sample is heated—a procedure that 


-usually improves most ‘separations—ag- 


glomeration ensues upon stirring or agita- 
tion. This agglomeration is detrimental to 
electrostatic separation of the quartz. 

The appearance of the agglomeration is 
somewhat similar to that resulting when 
the sand is wetted. If the quartz is sepa- 
rated from the kyanite and zircon, ag- 
glomeration does not occur in either of 
these two separated fractions. Since ag- 


_ glomeration requires intimate contact of 
the quartz and the remaining constituents, 


it is concluded that frictional electrification 
is the charge-producing mechanism. Polari- 
ties observed during separation indicate 
that the quartz has a negative charge, the 
remaining constituents a positive charge. 
This phenomenon of agglomeration is not 
unusual, since it is found to occur in some 
other mineral mixtures. Other mechanisms 
of charging are also possible. Charging may 


e result from the formation of dipoles, such 


~ as by the pyroelectric effect.” Loeb, working 


for Overstrom, found that when a special 
variety of quartz sand was heated in a 
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glass beaker with a glass stirring rod, a 
sudden agglomeration occurred above a 
certain temperature. The grains of sand 
adhered together in chains, similar to a 
series of magnets, indicating the formation 
of dipoles. At the Titanium Alloy Manu- 
facturing Co., clean zircon which has been 
electrostatically separated from rutile re- 
mains agglomerated and difficult to pour 
for nearly 24 hr. 

The agglomeration of the quartz-kyanite- 
zircon disappears on exposure to an 
alternating-current corona. For example, 
when the sand was passed over a plate 
above which, at a 7-cm distance, were 
placed needle points excited with a 15-kv 
(rms), 60-cycle alternating potential, the 
agglomeration was rapidly dissipated. Gas 
flames and other ionizing atmospheres are 
also satisfactory. Such a charge-neutraliz- 
ing method would immediately precede the 
separation step. It would probably also 
improve other separations by initially 
removing undesirable electrical surface 
charges. 

Agglomeration of the quartz-kyanite- 
zircon results only after conditioning with 
highly-dissociated acids, such as hydro- 
chloric and oxalic. It does not occur after 
treatment with boric acid, sodium hydrox- 
ide, sodium hexametaphosphate or attrition 
cleaning. After storage in an open vessel for 
12 days, the agglomeration fails to reappear 
on heating and stirring, but it does reappear 
after storage in a closed container for one 
year. 

If the agglomerated material, while still 
hot, is treated with approximately 2 lb of 
lauryl amine per ton, the agglomerating 
phenomenon disappears, and the material 
can be stirred with remarkable ease. 
Measurements have shown that the torque 
required for stirring after amine treatment 
is only 61 pct of that required for the 
original beach sand. The greater torque 
with the original sand is probably caused 
by the alternate positive and negative 
charges at the crystal surface, a result of 
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atomic arrangement in an ionic crystal. 
Filming results in an outer layer which is 
completely of one polarity at the outer 
surface extremity. Amine filming also 
increases the apparent electrical surface 
conductivity.! An unrestrained movement 
of electrical charge may be influential in 
reducing dipole attraction to yield a low- 
friction surface similar to that obtained 
with vacuum-deposited metals, such as 
barium. 
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second 3-roll separator having positive — 
electrodes. In this second separator (with 
reversed potential), the combined de- 
flectate constituted the “‘reclean tailing” 

(or middling), and the final nondeflectate 

the zircon concentrate. 

This process yields an 84 pct recovery of 
kyanite, with a 96 pct grade. The zircon 
concentrate is not satisfactory for market- 
ing, since it has only an 81 pct grade, 
However, it is possible that both the grade 


TABLE 5—Separation of Florida Kyanite-Zircon 


Assay, Per Cent# Per Cent of Total 


Weight 
Per Cent 
Z Q oO K Z 
Kyanite concentrate.......0-+.+-. 63.6 96 2 I : 84 6 
Zircon concentrate’ -...-sic2.0e sees 18.8 12 81 I 6 3 66 
NREClenN TAMING sas cs clelsle s eve ele tanete 17.6 55 36 2 7 13 28 
(SGMPOSI bE :ide.acis sepia s peo ee 100.0 73 23 I 3 100 100 


a XK, Z, Q, O = kyanite, zircon, quartz, others (ilmenite, rutile, staurolite, and quartz). 


After amine treatment there is no de- 
crease in the separation efficiency of the 
quartz; however, later separation of the 
kyanite-zircon fraction is less efficient. 

The separation of kyanite from zircon is 
improved by conditioning with benzoic 
acid in a manner similar to that described 
for sillimanite and crushed-rock kyanite. 
In the example summarized in Table 5, the 
sand was conditioned for 20 min. with 0.5 
lb of HF and 50 lb of H2SOx per ton of feed 
in a 60 pct solids pulp, followed by washing 


and drying. After removal of the quartz by: 


the electrostatic method in a manner 
similar to that for the Baker Mountain 
sample, but without benzoic-acid treat- 
ment, the hot, dry solid was conditioned 
with 1 lb of benzoic acid per ton to activate 
zircon. Electrostatic separation consisted of 
first passing the sand through a 2-roll 
separator, each roll having vibrating plate 
electrifiers and negative-active electrodes. 
The nondeflectate passed over succeeding 
rolls to yield the kyanite concentrate as the 
final nondeflectate. The zircon-bearing 
deflectates were combined as heads for a 


s 
and recovery could be increased by further 
passage of the concentrate and reclean — 
tailing. There are many factors still to be - 
investigated. One of these is the gradual — 
disappearance of the effect of the benzoic- 
acid conditioning upon continued passage _ 
through the separator. The film either 
evaporates or wears off. This suggests — 
enclosing the separator in a compartment — 
carrying a partial pressure of benzoic-acid : : 
vapor or the use of a less volatile reagent. — 
More thorough investigation of the fric- } 
tional electrical charging and the selection 
of a plate electrifier with the proper contact — 
potential may also contribute to further 
improvement. These phenomena have been 
baffling but are detailed above to show 
some of the unsolved problems of the 
various electrostatic-separation processes — 
and to advance discussion of the causes of — 
variations. 


at vee ae od 


COMMERCIAL APPLICATION 


The Georgia sillimanite and the Florida 
kyanite-zircon are obtained as rougher 
concentrates by wet tabling, and the 
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Virginia kyanite by washing for clay 
removal. These wet concentrates are 
ideally adapted to aqueous conditioning 
preliminary to drying before electrostatic 
separation. 

The quantities of reagents specified are 
arbitrary and not the minimum. Further 
tests of the continuous pilot-plant type 
would yield definite values. Unusually 
large quantities of acid, such as the 50 lb 
per ton in Table 5, would not be consumed 
and would necessarily be recirculated. 
Observation of the evaporation and sub- 
limation of the benzoic acid during the 
open-vessel conditioning indicates that this 
reagent was added in excess for the quanti- 
ties given in the preceding text. For con- 


- tinuous operation, a closed vessel of the 


rotary-drum type with small feed and dis- 
charge openings would conserve the volatile 
reagents. 

No cost estimates have been made, since 
it is believed that there are possibilities for 


further improvement in some of the present 


practices. For example, in the drying by 
means of heat of a product dewatered in a 
rake classifier, the cost will be high if a 
large amount of gangue is present. How- 
ever, by centrifugal dewatering preliminary 
to final drying with heat, there should be an 
appreciable reduction in drying costs. This 


- ig described in another paper.’® 


oe 


= 


5 ies! See lia ae 


When the initial cost of the electrostatic 
separator is an appreciable part of the 
beneficiation cost, it is advantageous to 
make a rough concentrate in a simpler and 
less expensive type of separator, such as the 
immobile cascade type illustrated in Fig 
1b. The rougher concentrate from this step 
then would be recleaned in the more effi- 
cient and more expensive type of separator, 


SUMMARY 


The electrostatic separation of | silli- 
manite, kyanite, andradite, diopside, and 
zircon from commercial samples of rocks 
has been described, as illustrative of what 
may be accomplished with other combina- 
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tions of minerals. The information thus 
presented includes particle-surface condi- 
tioning and the adaptation of each separa- 
tion to a particular type of separator. 
Associated electrical phenomena may have 
future applications to industrial minerals. 
These include the compacting of abrasive 
powders and the agglomeration and dis- 
persion of other powders. The electrostatic 
method has its advantages in size ranges 
close to 10 mesh, where other methods fail, 
and frequently in the elimination of 
reagents and excessive moisture. 
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DISCUSSION 


SH1ou-CHuUAN Sun*—It is indeed a pleasure 
to read an additional accessible publication on 
electrostatic separation written by Drs. Fraas 
and Ralston who have achieved so much in the 
research work of this field during the past 
several years. This paper illustrates that, under 
suitable conditions, the process of electrostatic 
separation of minerals can be advantageously 
utilized. It also serves to advance the tech- 
nique of preliminary conditioning of minerals 
with chemical reagents for better separation. 

The actual impressed voltages and the hori- 
zontal and vertical locations of the dividing 
edge of the separator, used in the separation of 
the different ores shown in Tables 1 to 5, were 
not reported in this paper. In my opinion, 
these points should be clarified for the con- 
venience of other research workers and prac- 
tical applications. 

The experimental data were achieved by 
means of a Johnson type separator in conjunc- 
tion with an aluminum vibrating electrifier. 
“‘Charges caused by frictional electrification 
may superpose on or oppose charges taken on 
by conduction.”’ Without some parallel experi- 
mental data of the same ores tested in the 
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absence of the aluminum vibrating plate, it is 
not only difficult to ascertain whether the — 
aluminum vibrating plate functioned as an 
electrifier or merely as a feeder, but also impos- 
sible to determine the relative magnitude and 
the mutual effect between the frictional and 
the conductive charges in the separation of 
different ores used in this paper. Consequently, — 
we can not decide whether the aluminum 
vibrating plate or even the frictional charge is a 
necessary factor for the separation of any or all — 
ores. 

This paper is a valuable addition to the field ~ 
of electrostatic separation. The authors deserve 
to be heartily congratulated. 


F. Fraas and O. C. Ratston (authors’ 
reply)—With respect to Dr. Sun’s inquiry, a — 
detailed study of apparatus and source of elec- 
trical charge is beyond the scope of this paper 
which was merely for the purpose of encour- 
aging the commercial application of the electro- 
static method. However, we are planning a later 
paper relating the source of charge to the con- © 
tact potential, dielectric constant, conduc- 
tivity, and ionic or electron emissivity. ‘ 

The low conductivity and low dielectric con- 
stant minerals, quartz, kyanite, zircon, and 
sillimanite, separate efficiently in a few stages 
of the simple roll type separator. In contrast, 
minerals which have a high conductivity or 
high dielectric constant, and which separate 
on the basis of these properties, usually require 
a large number of stages in the simple roll type 
separator. Examples are ilmenite, rutile, and 
chromite. 

More efficient separation of the high con- 
ductivity minerals was obtained with a corona 
type separator consisting of a rotating copper 
roll and a rotating dielectric electrode. Corona 
charging yields an overall average of the surface 
conductivity of the particle. The variations re- 
sulting from minute surface irregularities and 
possibly the high dielectric constant effect of 
our reference 8, are eliminated. 

The dielectric electrode principle has been 
described by Bullock to whom reference is 
given in a previous paper. However, the corona 
needles or wire which Bullock uses for the pur- 
pose of charging only the dielectric electrode is 
adapted by us to also charge the mineral par- 
ticles. Adjustment of the corona with respect 
to the relative charging of the electrode and 
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_ particles yields excellent separations of ilmen- 
ite, rutile, and leucoxene from staurolite, zir- 
con, and quartz. The usual sulphuric and hy- 
drofluoric acid conditioning improves the 
separation. 

In our estimation reagent conditioning is an 
important factor in securing the efficiencies re- 
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quired for commercial operation. The effective- 
ness of only traces of hydrofluoric acid is ap- 
parently related to its affinity for silica. 
Titanium!!! may have a similar response as a 
dry conditioning reagent. 


1W. A. Wooster and G. L. Macdonald: 
Nature (1947) 160, 260. 
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Comparison of Galena and Ferrosilicon in Heavy-media Separation — 


By E. H. Crasrree, Jr.,* MEemBer AIME 
(New York Meeting, March 1947) 


THE heavy-media separation plant at the 
Central mill of the Eagle-Picher Mining 
and Smelting Co., near Picher, Okla., 
was started in February 1939. Since that 
time twenty-four million tons of lead-zinc 
ore has been treated in the mill, of which 
approximately 7o pct has been treated 
by ‘heavy-media separation. 

Until January 1945, galena concentrate 
from the flotation plant was used as the 
sink-float medium. At that time minus 
too-mesh ferrosilicon was substituted for 
the galena, and its use has been continued. 
The purpose of this paper is to compare 
the operating results and .the costs of 
operation of the two media. For the 
purpose of this comparison the period 
Jan. 1, 1943, to Jan. 29, 1945, has been 
taken to represent the operation using 
galena medium; the period Jan. 29, 1945, 
to Sept. 1, 1946, to represent the ferro- 
silicon medium. During the first of these 
periods about seven and one-half million 
tons was milled; during the latter, or 
ferrosilicon period, more than five million 
tons was milled. It is believed that these 
tonnages are large enough to give repre- 
sentative data. 


FLOWSHEET 


The Central mill has a capacity of 
15,000 tons per day. Briefly, the treat- 
ment used consists of crushing the ore 
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through 114-in. and wet-screening out the 


minus 34¢-in. portion. The minus 1}4 plus 
34,-in. washed product is treated by the 
heavy medium; the minus 34¢-in. product 
is deslimed and jigged. The heavy-media 
cone tailing is discarded and the cone 


* 


concentrate is recrushed and jigged for 


the production of a coarse lead concentrate. 
The cone concentrate, impoverished of 
lead, is then ground in ball mills and 
treated by differential flotation. The 
minus 3{¢-in. jig product is similarly 
treated. 


HEAVY-MEDIA PLANT 


The heavy-media cone plant treating 
the minus 114 plus 
sists of one open-top cone 20 ft in diameter 
by 20 ft deep, equipped with a central 
airlift. Concentrate is discharged from the 


34,-in. product con- — 


top of the airlift to a 3 by 14-ft low-head — 


Allis-Chalmers drainage screen. Medium 
drains back into the cone, from the first half 
of this screen. The last half of the screen 
is provided with washing sprays for 
further removal of medium. Cone tailing 
is similarly drained and washed. Undersize 
from the washing screen is thickened and 
then cleaned in the medium-cleaning 
plant. 


Pile eta Cty = cate 


When galena was used as a medium, ~ 


cleaning was done in Fagergren and 
Denver flotation machines. The ferro- 
silicon is cleaned in three 36-in. and one 
24-in. Crockett magnetic separators. A 
flowsheet of the cone plant is shown in 
Fig 1. 
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Fic 1—EAGLE-PICHER CENTRAL Mitt. HEAVY-MEDIA SEPARATION PLANT. 


CHARACTER OF MEDIA 


The galena medium used was the 
normal lead flotation concentrate produced 
in the mill. This product was very fine, 


- and tended to become more so through 


attrition as it was circulated within the 
heavy-medium plant and cleaning circuit. 
The settling rate of this material was 
very low. The circulating medium normally 
contained about 75 pct lead. 

The ferrosilicon medium is a minus 


too-mesh dry-ground product containing 
15 and 85 pct of silicon and iron, respec- 
tively. The screen analysis of the material 


1S: 


MESH PER CENT 
—8o + 100 1.6 
—100 + 200 26.7 
— 200 + 325 20.7 
=e) 51.0 


Combined turbimetric and screen analy- 
ses indicate the material normally to 
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have a median radius of 31.0 microns. 
The apparent specific gravity of the 
material varies between 6.85 and 7.25. 
When the specific gravity of the pulp is 
2.70, the apparent viscosity of fresh 
medium is 2.68 centipoises. The settling 
rate yields 5 pct clear water with dirty 
medium after 5 minutes; this rate in- 
creases to 24 pct clear water with relatively 
clean medium. Medium made up with 
fresh ferrosilicon settles to 30 pct clear 
water after 5 minutes, and shows 36 pct 
clear water at time of ultimate com- 
pression, which is reached in 8 minutes. 


FERROSILICON Loss 


The loss of ferrosilicon is 0.77 lb per 
ton of mill feed. This loss is distributed 
approximately as shown in Table 1 when 
treating 12,000 tons of ore per day. 


TABLE 1—Loss of Ferrosilicon 


Place in Process . ae - 

er ota 

Total Ton | Loss 
Gone tailingii:..)ioss.« 1c wietei ects 2,620 | 0.218] 28.3 
Cone concentrate....... face 180 | 0.015 1.9 
Loss in magnetic separation...| 3,780 | 0.314] 40.8 
Oxidation and unaccounted for} 2,670 | 0.223] 29.0 


9,250 | 0.770} 100.0 


Tests indicate that 0.36 pct of the 
total ferrosilicon is initially oxidized 
as indicated by solubility in ammonium 
citrate, and after one week’s immersion 
in mill water in a quiescent state the 
soluble loss increases to 0.85 pct. In the 
cone, where attrition occurs, this rate of 
oxidation is probably higher. 


OPERATING CHARACTERISTICS 


The most noticeable difference in the 
use of the two types of medium is in 
relative segregations due to the difference 
in their settling rates. The fine galena, 
for the period of operation considered, gave 
more stable pulps than the ferrosilicon. 


The average differential in specific gravi- — 


ties between the pulps at the top and 


bottom of the cone when using galena — 


was only 0.03, whereas the differential 
when employing ferrosilicon averaged 0.15. 
The specific gravity at the top of the 


cone for both media was 2.69, but the © 


bottom specific gravities were 2.72 and © 


2.84, respectively. 

As will be noted later, 
differential has caused a materially in- 
creased grade of cone concentrate. When 
the character of ore treated has been 
very clean, however, the differential has 
tended to increase so that excessive outside 
agitating air was required in order to 
prevent the cone from dropping its load, 
and choking the airlift. The necessity 
for this excessive air has led to increased 
losses in the tailing. 


GRADE OF CONE PRODUCTS 


The average cone tailing produced 
during the last 25 months of the galena 
operation contained 0.53 pct Zn. This 
compares with a tailing of 0.57 pct Zn 
for the first 19 months using ferrosilicon. 
A considerable period of time was required, 
however, to stabilize the ferrosilicon 
operation. The ‘potential possibilities of 
the use of ferrosilicon at this plant have 
only recently become apparent. The tailing 
for August 1946, for example, contained 
0.55 pet and for September and October, 
each 0.51 pct Zn. 

The average grade of cone concentrate 
produced using galena was 11.05 pct Zn 
compared with an average of 16.00 pct 
for the ferrosilicon medium. This has 
resulted in material savings in grinding 
and treatment costs in the subsequent 
treatment of concentrate. When using 
galena, four No. 86 Marcy ball mills 
were required to regrind cone concentrate; 
with the new medium, three mills are 
sufficient and occasionally two mills are 
enough. 7 
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GRADE OF FLOTATION CONCENTRATE 


One of the primary requirements at the 
Central mill is the production of zinc flota- 
tion concentrate with low lead content for 
the manufacture of pigment. This re- 
quirement was difficult to meet when 
galena was used as the medium. The 
galena circulated throughout the cone 
and the medium-cleaning plant; the 
medium-cleaning-plant tailing was re- 
turned to the head of the main flotation 
plant, and a portion of the lead con- 
centrate was again returned to the cone 
circuit. This circulation of galena periodi- 
cally built up a sulphated condition 
on a portion of the galena, which, being 
less floatable, finally reported in the zinc 
concentrate. This condition was one 
of the principal reasons for changing 
from galena to ferrosilicon. The grades 
of the flotation concentrates for the two 
periods (Table 2) indicate an average 
reduction of 0.25 pct in the lead content 
of the zinc concentrates. 


TaBLe 2—Grades of Flotation Concentrates 
es ee 


: Zinc, | Lead, 
Medium Pct Pct 
Zinc concentrate, galena medium.... 60.71] 0.65 


Zine concentrate, ferrosilicon medium| 60.80) 0.40 


pee ee 


CONSUMPTION OF MEDIUM 


It was estimated that the galena loss 
was 0.6 lb per ton of cone feed whereas 
the corresponding consumption of ferro- 
silicon to Aug. 1, 1946 was 0.77. This 
average consumption of ferrosilicon has 
recently been reduced by the addition 
of a third 36-in. Crockett separator. 
The approximate value of galena at the 
present time is $120 per ton; the cost of 
ferrosilicon delivered at the mill is $88.74 


per ton, so that the costs of the two 


media per ton of ore treated are very 
close. 
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Costs or CONE OPERATION 


Comparative costs of the cone operation 
per ton of mill feed for the two periods 
are presented in Table 3. These costs 


TABLE 3—Comparative Costs 


i 


Ferro- 
Galena oa 

Item : silicon 
Medium Medium 

Labor..:....20+0 eee eee eee $0.0145 | $0.0175 
Repairs and supplies..... 0.0150 0.0280 
POWEE cove ee elsie ee bee te eels le 0.0095 0.0100 
Medias. dts sitin wee Caetieeas 0.0360 0.0340 
TNotaliicost,, os. st) -.--«-syeyeors $0.0750 | $0.0895 


EEE EEE 


do not include secondary crushing or 
preparation of cone-plant feed. The in- 
creased cost using the ferrosilicon is 
partly due to general increase in wages 
and cost of supplies rather than to any 
additional labor or additional supplies 
required. 


Costs OF BALL-MILLING 


Costs of ball-milling have been reduced 
because the higher grade of cone con- 
centrate means reduction in tonnage to 
grind. Comparative costs in terms of cost 
per ton of original mill feed are given in 
Table 4. 


Taste 4—Costs of Ball-milling 


Ferro- 
Galena aye 

Item ° silicon 
Medium Medium 
Dra bornciists seueecucntcaners seals: oer $0.003 $o.003 
18 0h el eraciomiaicigin Clie Oe AChiy; -O12 
[ot Se IO CEO Ob O23 .009 
TATICES. occ areete ie wale oe sain wesc aol .008 .005 
G@lassifiers sc) aise suum esisle 2) 2 .0O1 . 001 
Miscellaneous.....----+++++9> .OOL -OO1 
AarTals Wee ae Oo OORLaMC Duro $0 .043 $0.031 


CONCLUSIONS 


Metallurgical—The average net results 
for the two different types of medium 
indicate a higher grade of concentrate 
but a higher tailing loss using ferrosilicon. 
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Results obtained in the past three months 
on ferrosilicon, however, indicate that 
in the future a lower tailing and a higher 
grade of concentrate using ferrosilicon 
may be expected. 

Costs—The cost of the operation ex- 
clusive of royalty when using galena was 
$0.075 per ton as compared with $0.0895 
per ton with ferrosilicon. The galena 
operation had a tonnage of 507 tons per 
hour, against 482 tons per hour with the 
ferrosilicon medium, so that the costs as 
given are approximately equal. 

Power—The average connected load 
with galena was 730 hp as compared with 
a present load of 711 hp. Average power 
consumptions for the two media were 
0.746 and o.954 kw-hr per ton, respec- 
tively. At the present time the power 
consumption compares favorably with 
that required using galena. 

General—In general it is believed that 
the potentialities of the use of ferrosilicon 
are just beginning to be realized. Although 
the tailing loss for the first 19 months 
operation with ferrosilicon was higher 
than that of the last two years of the 
galena operation, for the past three 
months the tailing loss has equaled the 
best that was produced using galena. 


The chief virtue of ferrosilicon is the 
ease of cleaning; it is believed that with 
some of the muddy ore now being received 
at the mill, it would be extremely difficult, 
if not impossible, to operate with galena. 

The main difficulty with the use of ferro- 
silicon has been to keep the bottom 
gravity from becoming too high during the 
treatment of clean ore. When this condi- 
tion has arisen, excess agitating air has 
been necessary, with consequent increase 
in tailing loss. 


SUMMARY 


The results of the comparison described 
herein indicate that the use of ferrosilicon 
has been worth while, particularly con- 
sidering the results attained during the 
past few months. The respective operating 
costs using the two media and the grades 
of tailings produced are approximately 
equal. With ferrosilicon the grade of cone 
concentrate is materially higher; the 
cost of fine-grinding the cone concentrate 
for flotation treatment is less; the lead 
content of the flotation zinc concentrate 
has been reduced; better treatment of 
muddy ores is possible because of the 
greater ease of cleaning the ferrosilicon 
medium. 


7 


af tne 


eer 


ee ee 


et eat el — 


A New Separating Vessel for Sink-float Concentration 


By E. C. Birzer,* MremBer AIME 
(New York Meeting, March 1947) 


THE primary object of the work de- 
scribed in the following pages was to 
simplify the equipment in the separating 
circuit of the heavy-media process by 
substituting a spiral classifier for the 
separatory cone. Mechanical considerations 
were the leading attraction and the best 
that was hoped for on metallurgical 
performance was that the new vessel 
would give results equal to those obtained 
by conventional equipment. 

Tests have demonstiated in commercial 
operation on iron ore that the mechanical 
advantages of the spiral separator are 
about as predicted; also, the metallurgical 
performance is superior to the cone on the 
ores treated. 

Treatment of iron ore involves the 
separation of two products: a concentrate 
that sinks and a float product that con- 
tains true float material plus a controlled 
division of interfering middling. The 
middling material is heavier than the 
average specific gravity of the separating 
medium. 

‘Recent work with the spiral separator 
on Tri-State zinc ore showed that the 
middling material had to be recovered as 
concentrate because this fraction con- 
tained the bulk of the zinc in the ore. It 
has been demonstrated that it is possible 
to make three products with the new 
separator on an ore such as this: a float 
tailing, a float middling, and a high- 
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grade heavy sink product. It appears from 
this last work that the new separator has 
definite mechanical and metallurgical ad- 
vantages over any type of separating 
cone for treating feed that contains large 
amounts of material of a specific gravity 
close to that of the separating medium. 
However, either type of separator should 
perform equally well, metallurgically, on 
feed that is free of middlings. 

Each series of experiments with the 
spiral separator has required additional 
work to fully develop the possibilities of 
the machine. For this reason the paper is 
divided into chronological parts. 


History of Development 


A drag-type classifier was first proposed 
as a substitute for the cone separator by 
Butler Brothers technicians during the 
initial tests with galena medium at Crosby, 
Minn., in 1937. The desire for finding a 
substitute for the cone arose from trouble 
with interfering middlings and certain 
operating disadvantages of the cone. The 
possibility of using @ spiral classifier 
was also suggested at this time by Emmett 
Butler and C. J. Abrams. However, ina- 
bility to satisfactorily recover fine galena, 
which was used as a medium, terminated 
all development work at Crosby. 

During the winter of 1937-1938 in- 
vestigation started on magnetic medium 
with concurrent development of the 
inverted or closed-top cone, which was 
found necessary to eliminate iron-ore 
middlings with the float product. About 
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March 10938, a small-scale experiment was 
made with a 16-in. Akins classifier as a 
substitute for the cone but the results 
were indifferent and the idea was aban- 
doned. All this work was conducted at 
the Mines Experiment Station of the 
University of Minnesota. ’ 

Following the development of ferro- 
silicon as a medium, the process was 
tried again commercially on the Mesabi 
Range during the ore season of 1939. 
Of all the plant equipment in use at that 
time the separatory cone gave the least 
trouble and during this period more suitable 
means for handling medium in the circuit 
were worked out. For several seasons, 
therefore, attention was directed toward 
the improvement of auxiliary equipment 
and, in view of the generally satisfactory 
operation of the cone, no further thought 
was given to a separatory vessel for 
plus 14-in. ore. 

An Esperanza drag classifier was used 
in Butler Brothers’ experiments on minus 
- 14-in. iron ore at the Mines Experiment 
Station in 1939 but for a number of 
reasons not pertinent to the present dis- 
cussion the project was abandoned. 

During the ore season of 10943 an 
experiment was conducted with a 16-in. 
submerged-spiral Akins classifier at the 
Trout Lake concentrator of the Oliver 
Iron Mining Co. near Coleraine, Minn. 
Fine hematite was used as a medium and 
it has been reported that a concentrate 
was produced from a low-grade feed. 

In 1942 the staff of the Colorado Iron 
Works Co. reviewed the possibilities 
of the Akins classifier as a separatory 
vessel and some preliminary inspections 
were made in operating plants using both 
the heavy-media and H. and H. con- 
centration processes. Because of the 
pressure of war-begotten projects, how- 
ever, it was impossible to do any actual 
testing until the summer of 1944. 

By this time there was considerable 
incentive for finding a substitute for the 
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closed-top cone on the Mesabi Range. 
The worst problems of the heavy-media 
flowsheet had been solved and the dis- 
advantages of the cone were by contrast 
more apparent than they had _ been. 
Another factor that favored the experi- 
ment was that the ores available for 
treatment were becoming more refractory, 
with increasing amounts of middlings, 
and the metallurgical performance of the 
cone was not so good as it had been previ- 
ously. Accordingly it was decided to revive 
the idea of trying an Akins classifier as a 
separating vessel and a machine was 
installed in Butler Brothers’ Harrison 
washing plant near Cooley, Minnesota. 


Pilot Test at Harrison Plant 


FLOWSHEET 


A 24-in. Akins classifier was installed 
in the plant as shown in the flowsheet 
(Fig 1). The primary object was to deter- 
mine whether ferrosilicon medium could 
be maintained in suspension in the classifier 
tank and, if this were accomplished, to 
conduct a test under parallel conditions 
with the cone separator of the circuit in 
which the classifier was installed. 

The flowsheet as shown was, in theory 
at least, parallel to the cone so far as 
medium circulation was concerned. How- 
ever, the Wilfley pump for the classifier 
circulation medium was somewhat over- 
size and control of the discharge was 
irregular. In order to prevent choking of 
the pump-discharge line, it was necessary 
to circulate more medium than was re- 
quired for overflowing float from the 
classifier pool. This fact probably ac- 
counted in part for the loss of fine sink 
material in the subsequent tests. Had 
time permitted, a by-pass for medium 
could have been installed but the operating 
season was well advanced toward freezing 
weather at that time, and it was decided 
to forego this and certain other obvious 
improvements to the testing arrangement 
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PRELIMINARY TESTS 
One of the principal arguments ad- 
vanced against trying a spiral classifier 
as a sink-float separating vessel was that a 


CONE SEPARATOR 
(Outside Air- Lift ) 


Float Sink Sink Float 
FLOAT DRAINAGE SINK ORAINAGE 

SCREEN SCREEN 
Float Medium Medium Sink 


$.6.300 $.6.320 


MEDIUM SURGE TANK 
Medium S.G. 3.15 


MEDIUM CIRCULATION PUMP 


259 


movement of the spiral and thus prevent 
contamination of the sink product. The 
baffle was effective in retaining float 
on the surface but a certain amount of 


AKINS MEDIUM PUMP 


AKINS SEPARATOR 
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modification of the machine was already 
adapted to settle and dewater cleaned 
ferrosilicon medium. However, this argu- 
ment was proved to have no foundation 
because the circulating plant medium 
showed little tendency to settle in the 
classifier and a separation of sink and 
float took place as soon as crude ore 
was fed to the machine. 

Several other characteristics of the 
machine remained to be established and 
the following is an excellent illustration 
of the fact that astute reasoning and 
theories cannot substitute for experi- 
mentation. During the first few days of 
testing a baffle was installed in the pool 
in various ways and the ore and medium 
were fed to the pool between the bafile 


and the overflow weir. The assumption 


was that the baffle would prevent float 
material from traveling forward with the 
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float sank with the heavy concentrate, 
owing to entrapment. This material even- 
tually floated to the surface between the 
baffle and the point where the sink product 
emerged from the pool, and a heavy 
blanket of float built up in this area. 
However, instead of contaminating the 
sink product, the float actually forced 
itself under the baffle and finally reported 
in the overflow. Needless to say, as soon 
as this phenomenon was checked by 
assay, the baffle was removed and never 
used thenceforth. 

The float material does not report with 
sink in the spiral separator because the 
specific gravity at the shallow end of the 
pool is too high to allow light material to 
sink. A considerable amount of this high- 
specific-gravity medium likewise drains 
out of the bed of sink as it is conveyed - 
out of the tank, and the current caused 
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by this drainage sweeps float material 


backward. 


Compression of the concentrate bed, 
together with the presence of high-specific- 


From Akins 
Medium Pump 
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minus 34-in., plus %4-in. washed feed 
to the cone. A plate with a hinged con- 
nection extended into the screen discharge 
chute so that varying amounts of cone 


vie TO 
Sink Drainage 
Screen 


To 
Float Drainage 
Screen 
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gravity medium, also causes elimination of 
middlings from the sink product. 

Also apparent from the preliminary 
work was the fact that, although a certain 
amount of float will be entrapped when 
the proportion of sink material is high, 
the light material will float if it is allowed 
enough time to free itself. The movement 
of the spiral was slow enough to permit 
this, and the sink product or concentrate 
from the spiral separator was exceptionally 
free from misplaced float material all 
through the subsequent tests. 

After the discovery that any sort of 
baffle was superfluous, the experimental 
separator was operated as in ordinary 
classifier practice; that is, with the feed 
at the side and overflow at the back of 
the tank. The arrangement used for the 
remainder of the tests is sketched in Fig 2. 


COMPARATIVE TESTS WITH CONE 


SEPARATOR 
Ore Feed for Spiral Separator 
The spiral separator was_ installed 


below a dewatering screen that delivered 


feed could be diverted to the separator. 
The cone feed rate amounted to about 
Ioo gross tons per hour and between 
744 and 14 tons was taken for Akins feed. 
The ore traveled by gravity in a steel 
chute to the separator tank and circulating 
plant medium was added to the ore about 
3 ft ahead of the point where it entered 
the pool. 


Method of Sampling 


Samples of spiral separator feed, tailing, 
and concentrate were taken at regular 
intervals, which varied between 15 and 
30 min, depending upon how long the 
machine was operated. A ‘30-min interval 
would permit operation for 8 hr before 
the sample containers were filled. Cor- 
responding samples were taken of the 
cone products at the same time. Because 
of the uncertainty involved in splitting 
this relatively coarse material, the in- 
dividual sample cuts were not divided 
in the plant and sampling was discon- 
tinued when all sample pails were filled. 
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Specific Gravity of Separation 
The specific gravity of circulating 
medium for both spiral and cone was 
identical. From test to test it varied from 
2.85 to 3.25. 


Laboratory Tests 


All samples were split into two equal 
parts in the laboratory. Half was then 
crushed and prepared for assay. The 
other half was reserved for laboratory 
sink-float and screen tests for deter- 
mining efficiency of plant operation. The 
sink-float tests were made with ferro- 
silicon medium at the average gravity at 


which the plant had been operated for the 


sampling period. Because of knowledge of 
segregation in the feed samples, no sink- 
float tests were made on this material. 


Test Resulis 


Table 1 shows the average results of 
nine days of comparative sampling be- 
tween the spiral and the cone. — 


Taste 1—Average Resulis of Nine Days 
Sampling 
Comparison of Sink-float Efficiency Tests, 
Weighted Averages 


EEE 


Spiral Cone — 


Product 
Pct Fe 


Ee sidz| Ect | Fe | sid: 


94.24/61.76| 6.20 85.60/61.28) 6.82 


Cone (sink). 
5.76/51. 49|18.88 14.40/44.42 27.53 


Cone (float). 


100.00/61.17| 6.93 100. 00/58. 85 9.74 
44.83|54-30 13.63! 42.81|55.61|12.62 


Tails (sink) . 
55.17|30.66|30.59| 57.19/33. 23/44. 83 


Tails (float). 


100.00|44.57|/27.95|100.00]42.81/31.04 


Comparison of Product Assays 


Feed Concentrate] Tailings 
Method 
: Fe | SiOz| Fe | SiOz} Fe | SiOz 
Spiral... c+. a. 55.51|14.50|61.95| 6.40 45.26/27.30 
Gone. woctae on :- 55.80/14. 36|59.66] 9.12 44.76|28.65 


Comparison Based on Screen-test Assays 


6.93 
9-74 


44.57)27.95 


I4-24/61.17 
42.81/31.04 


14.58/58.95 


Spirals. .....<. 55.02 
Gone... 62.5% 55.19 


Metallurgical Results 


All comparisons gave about the same 
story. The efficiency of the spiral separator 
on the concentrate was a decided advan- 
tage and it was felt that the operating 
conditions did not give the machine a 
fair chance of producing a tailing as low 
as might have been possible. It was 
obvious from the test data that a lower 
specific gravity in the spiral separator 
would have produced a lower tailing 
with the same concentrate assay as the 
cone. 


Mechanical Comparisons 


Elimination of the airlift and the 
ability to go through power interruptions 
without draining the separator tank were 
all decidedly in favor of the spiral separa- 
tor. Also, inasmuch as the amount of 
medium removed by the spiral was only 
to pet of that discharged by the airlift 
for the same tonnage of concentrate, 
an additional economy in medium pumping 
was to be expected when the new separator 
was substituted for the cone. 

These advantages were important fac- 
tors in operation, and in view of the 
reasonable explanations for the slightly 
higher tailing from the new separator 
it was decided to experiment with a 
machine of commercial size during the 
next ore season. 


Comparative Test between 78-inch Spiral 
Separator and 7}4-Foot Closed-top 
Cone 


The results of the test with the 24-in. 
Akins separator were very encouraging 
but not sufficiently conclusive to warrant 
the design of a heavy-media plant of 
commercial size and to gamble the pro- 
duction of a season’s operation upon the 
probable performance of large units. 
Therefore, it was decided to design and 
install a single 78-in. machine in the 
plant along with cone separators of 
conventional Mesabi construction. 
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FLOWSHEET OF SPIRAL SEPARATOR 
CIRCUIT 


The heavy-media section of Butler 


Brothers’ Patrick washing plant during 
“1445 Feed “deg Feed 
Ir 
Nol CONE No.2 CONE 
SEPARATOR SEPARATOR 
To No.I Gone 
Circuit 


Float 


FLOAT ORAINAGE AND 
WASHING SGREEN 


Ree rre 


Tailin Screen Medium Medium 
| Woshings 
To To Medium 
Waste Recovery 
MEDIUM 
CIRCULATION 


PUMP 


SINK ere 


Screen Washings 


Fig 3 illustrates the flexibility of the 
flowsheet. 

A portion of the circulating medium in 
the spiral separator circuit was diverted 


Valve 
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Orained Concentrate 
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Fic 3—FLOWSHEET OF 78-INCH SEPARATOR CIRCUIT, PATRICK PLANT, 1045. 


the 1945 season consisted of two 714-ft 
closed-top cone separators with separate 
drainage and washing screens, pumps, 
medium-cleaning equipment, and other 


accessories. Each unit could operate 
independently. 
A 78-in. separator was installed as 


close as possible to No. 2 cone unit so 
that either the spiral or the cone could be 
used with the same auxiliary equipment. 
The chutes following the feed-prepara- 
tion screens were arranged so that the 
ore feed could be split into coarse and 
fine fractions and either size could be 
delivered to either No. 1 or No. 2 cone. 


to the sink-product discharge launder. 
The reason for this was that the slope 
of the launder was too flat for gravity 
flow to the drainage screen and the extra 
medium was used for sluicing. Had it not 
been necessary to do this the power con- 
sumption for the pump for circulation of 
medium would have been appreciably 
less for the spiral separator than for the 
cone. 


PRELIMINARY TESTING 


When the spiral separator was put 
into operation, No. 2 cone was shut down. 
At the start no attempt was made to 
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segregate the feed ore into fine and coarse 
fractions and both the spiral and No. 1 
cone received minus 1}4-in. plus }4-in. 
feed. The total tonnage for heavy-media 
treatment was about 375 gross tons per 
hour, of which the spiral received 200 
tons and the cone 175 tons. The dis- 
crepancy was unintentional and was 
caused by uneven distribution of ore 
on the feed-preparation screens. This 
also led to differences in the grade of feed 
to the two circuits, which is apparent 
in the comparative assays given in the 
next section. ~ 


SAMPLING AND LABORATORY PROCEDURE 


Procedures similar to those employed for 
the pilot test of the preceding season 
were followed for this test. This time, 
however, it was possible to operate the 
spiral separator without the cone and the 
laboratory sink-float tests were made at 
specific gravities corresponding to plant 
operation of both separators. 


TrEst RESULTS 


At the end of one week of continuous 
operation the average results shown in 
Table 2 were obtained. 


TABLE 2—Results of One Weeks Operation 
with Spiral Separator 


a a ae 


Assays, Pet 
Product Spiral Cone 
Fe SiOe Fe SiO2 
Beedate satus 52.08 | 18.65 | 54.40 | 15.67 
Concentrate...... $738 || £0.05 | 50.35-| 12.29 
Tailings......---- 42.63 | 32.85 | 43-23 | 29- 96 


The results showed the performance of 
the new separator to be superior but the 
discrepancy in the character of feed to the 
two circuits was too great to make definite 
conclusions. Moreover, observation of the 


action of currents in the pool of the spiral 
separator indicated that better results 
might be obtained if the feed and overflow 
points were reveised. 

In accordance with the puactice fol- 
lowed in the small-scale operation of the 
previous season, the separator had been 
arianged to receive feed at the side of the 
tank with the tailings overflow at the 
lower end of the pool. Obviously with 
this arrangement slow-settling sink mate- 
rial or fines would be carried a considerable 
distance toward the tailing overflow 
before it would sink sufficiently to be 
caught by the spiral and raked forward. 
Inasmuch as the direction of travel of the 
fines had to be thus reversed, the time 
of their retention in the pool was longer 
than necessary and the chances for the 
material to report in the overflow were 
improved. Another factor that operated 
against recovery of the fines was that 
flow of medium backward to the weir 
against the currents caused by the spiral 
moving medium and sink material forward 
probably caused eddy currents that inter- 
fered with the recovery of fine sink material. 

These considerations led to a decision 
to discontinue operation of the spiral 


‘separator to make alterations necessary 


to reverse the feed and tailing overflow 
launders. Accordingly the machine was 
shut down, the spiral was raised, and the 
medium was left in the tank. Because 
of a shortage of mechanics and welders, 
about 30 days elapsed before the alterations 
were completed. 


FInaL COMPARATIVE TEST 


The new feed and overflow arrange- 
ment of the spiral separator is shown in 
Fig 4. No other alterations were made to 
the machine, and after it was put into 
operation for the second time it was 
operated continuously for the remainder of 
the washing season—from about August 1 
to October 15. 


264 


Trst CONDITIONS 


The operation of the new separator 
and the control of specific gravity in 
both the spiral and No. 2 cone were left 
entirely in the hands of the plant crew. 
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concentrate as against 5.34 pct float in 
the spiral concentrate. This is as it should 
be because coarse particles should separate 
rapidly in any kind of vessel. The spiral 
tailing was decidedly better, however. 
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Sampling for metallurgical comparison 
was generally done on the day shift, 
although on several occasions some sam- 
pling was done at other times to check 
the effect of certain plant conditions. 

The arrangement of the feed distributor 
ahead of the separators permitted opera- 
tion of the spiral separator on minus 34-in., 
plus 14-in. feed one week and on minus 
114-in., plus 34-in. feed the following 
week; thereby, comparison of spiral re- 
sults for alternate weeks with those of the 
cone gave a reasonably accurate com- 
parison of the performance of both types 
of separators. It is necessary to qualify 
the preceding statement because ore was 
delivered from three pits duiing the test 
and absolutely parallel test conditions 
were never achieved. 


DISCUSSION OF RESULTS ON SIZED FEED 


It is apparent from Table 3 that the 
cone was almost as effective as the spiral 
in producing a clean concentrate from 
the coarse fraction of feed. Laboratory 
checks showed 6.13 pct float in the cone 


The laboratory tests also showed why 
the silica content of the cone concentrate 
was lower than that in the spiral product. A 


TABLE 3—Comparison of Operation on 
Sized Feed 
Kevin ore, minus 1}4-inch plus 
tests) 


34-inch (four 


Spiral Separator, 
Medium Sp Gr 
3.04, Average 


Cone Separator, 
Medium Sp Gr 
3.06, Average 


Product 
Pct | Fe, |SiOz,| Pct | Fe, |SiOe, 
Wt Pet | Pct Wt | Pct | Pet 
Beedaicsives I100.00|/52.02/19. 76/100. 00|/51.98|18.75 
Concentrate. 80. 25/55.88/13.30| 70.01|56.94}11.30 
Tailing..... 19.75\36.34|43.04| 29.99|/40.40/36.08 
Iron recov- 
OFYiaceans 86.20 76.60 


Laboratory Check Separations 


Pct . : 

Fe, |SiOe, Fe, |SiOo, 

Bapdiet so.) WS oats Pct | Pet 
Spiral con- 

centrate..| 94.66/56. 44/12.36 45 .86/30.03 

Spiral tailing] 13.34|49.87/22.59 34.36/46.19 
Cone con- 

centrate..| 93.87|/57.83] 9.87 43.23/33.14 

Cone tailing.| 41.03/53.28|16.39 31.43/49.78 
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perfect separation with the spiral would 
have yielded only 12.36 pct silica whereas 
the cone would have produced a 9.87 pct 
silica with 100 pct separation of sink 
and float. This is an illustration of the 
practical impossibility of obtaining parallel 
feed characteristics over any considerable 
period of time. 

The comparison of results on the fine 
size range, Table 4, is clearly in favor 


TasLE 4—Comparison of Operation on 


Sized Feed 
Kevin ore, minus 34-inch, plus }4-inch (four 
tests) 


pants 
Cone Separator, 


Medium Sp Gr 
3.04, Average 


Spiral Separator, 
Medium Sp Gr 
2.88, Average 


Product 
| 
Pet Fe, |SiO2,| Pct Fe, | SiOz, 
wt Pct | Pet Wt Pct | Pct 
lee Srieaae.: 100.00|54.67|14.75|100.00 53-56|17.73 
Concentrate. 82.20|57-54|10.92| 72.38 56.46|13.06 
Tailing..... 17.71|41.33|34-50| 27.62 45 .96/29.29 
Iron recov- 
OLY cieisi:0.0) 86.7 76.3 


Laboratory Check Separations 


: Pct 5 
Wt, | Fe, |SiO2, Fe, |SiO2, 
Product Sink | Pct | Pct ta Pct | Pct 


(ee 


Spiral con- 
centrate. . 
Spiral tailing 
Cone con- 
centrate. . 
Cone tailing. 


5 .65|51.02|19.93 


94.35|57-93|10.38 
69.96/37-04/40.50 


30.04|/51.30/20.51 


18.41|48.67|25.60 


81.59|58. 22/10. 23 
69.16|41.17|30.60 


30.84|56.72|12.91 


of the spiral separator in every respect. Of 
particular interest in this comparison 
is the character of the sink fraction of 
both the spiral and cone tailings. Both 
tailings contained about 30 pet of sink 
material but the sink in the spiral tailing 
ran 20.51 pct silica as against 12.91 pct 
silica in the sink fraction of the cone 
tailing. The sink fraction of the spiral 
tailing is high in iron (51.30 pct) but the 
silica content prohibits inclusion of the 
material in the concentrate. Material 
such as this influences Mesabi heavy- 
media practice to an extent not generally 
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understood by outsiders, and the subject 
will be discussed in more detail later. 


GENERAL COMPARISON OF RESULTS 


The proceeding comparison was made 
on ore from one source only. A final 
comparison was calculated from the 
results of 13 tests on three different ores 
with the spiral (and the cone) treating 
both size ranges (Table 5). 


Taste s—All Ores, Both Size Ranges 
(13 Tests) 


SES eee 


Cone Separator, 
Medium Sp Gr 
3.07, Average 


Spiral Separator, 
Medium Sp Gr 
2.93, Average 


Product 
Pct | Fe, |SiOz,| Pct | Fe, |SiOz, 
Wt Pct | Pet | Wt Pct | Pct 
Meee via 100.00]54. 23/16. 20|100.00/53.70 16.99 


Concentrate.| 82.93|57-32 11.83] 75-69|56.59 12.60 


Ag-wibheleay nem 17.07|39-22|38.46| 24.31|44.70/30-49 
Iron recov- 
GEVn eenreriy 87.66 79.76 
Laboratory Check Separations 
Pct : Pct : 
Fe, | SiOe Fe, |SiOz 
Product Wt ? 1 Wt a H 
Sink Pet | Pct | moat Pct | Pct 


Spiral con- 


centrate..| 95.64/57.72|11-17 4.36/48. 54|26.38 
Spiral tailing] 27.06/50.15 22.76| 72.94135-16/44.28 
Cone con- 

centrate..| 87.87|57-87|10.55] 12.13 A7.34|27.41 


64.46/38. 85]39-41 


Cone tailing. 


35.54|55-30|14.30 


DISCUSSION OF GENERAL RESULTS 


The results in Table 5 follow the same 
general pattern of those on the minus 
34-in., plus }4-in. feed tabulated in Table 
4 and verify the metallurgical superiority 
of the spiral separator. 

As shown in the laboratory check 
separations, the sink fraction of the 
spiral tailing runs lower in iron and 
higher in silica than the corresponding 
fraction of the cone tailing. The weight 
also is appreciably less, which indicates 
that the cone was rejecting merchantable 
concentrate with the tailings. 
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MECHANICAL CHARACTERISTICS OF THE 
SPIRAL SEPARATOR 


Power Consumption 


The power required to operate the 
spiral varied with the size of ore feed. 
About 15 hp input was recorded for a 
full load (200 tons per hour) of minus 
1}4-in. plus 34-in. concentrate. When the 
finer size range, minus 34-in., plus }4-in., 
was treated the power input dropped to 
as low as 8 hp. This was due partly to a 
lower tonnage of the finer size, which was 
approximately 150 tons per hour. Fine 
material likewise offered less resistance to 
raking than coarse concentrate. 

The net saving in power in the spiral- 
separator circuit was the difference be- 
tween the power required for the cone 
drive and air compressors and that re- 
quired for the drive of the spiral. Power 
input to the cone drive and compressors 
was not determined but obviously the 
approximate saving was represented by 
the elimination of compressed air from 
one side of the plant. 


Feed Surges 


Because of rapid changes in structure 
of the ore received at the plant, the 
amount of plus 14-in. material recovered 
for heavy-media treatment varied over a 
wide range and caused surges of cone 
and spiral feed. The cone was quite 
sensitive to an increase in feed rate and 
would choke unless the feed was shut 
off quickly following a surge. It was 
especially vulnerable in this respect when 
treating the coarse fraction of feed. 

The spiral was not affected by surges, 
and for this reason the operators pre- 
ferred to treat coarse feed on the spiral 
side of the plant as much as possible, 
because the practice resulted in  con- 
tinuity of feed and more production. 


Shutdowns 


The tank of the spiral separator was 
not drained for the entire season. Every 
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week the plant was shut down 24 hr for 
general repairs, during which period it 
was necessary either to drain No. 1 
cone or operate the air compressor and 
cone drive to maintain circulation of 
medium. 

On one occasion, noted previously, the 
spiral was shut down for 30 days with 
medium in the tank and the machine 
was started without difficulty. 


Circulation of Medium 


Less circulating medium was required 
to remove products from the spiral separa- 
tor than from the cone. Normally this 
would have been reflected in decreased 
power consumption of the medium-cir- 
culation pump. As explained previously, 
in connection with the flowsheet Fig 3, 
the pump had to furnish extra medium to 
sluice the spiral concentrate to the drainage 
screen. Moreover, the separator was 
set higher than would have been necessary 
had the cone not been installed on that 
side of the plant: Fhis imposed an addi- 
tional head on the medium pump and a few 
feet of extra head on this line makes a con- 
siderable difference in power requirement. 


METALLURGICAL CHARACTERISTICS OF THE 
SPIRAL SEPARATOR 


Concentrate Grade 


The difference in grade between spiral 
and cone concentrate was due partly. to a 
lower percentage of misplaced material 
(float) in the spiral product. This in 
turn is caused by the fact that concentrate 
remains longer in the spiral separator 
than in the cone and the additional 
residence time provides the oppoitunity 
for entrapped float particles to free them- 
selves from the concentrate load on the 
spiral. 


Specific Gravity Differential in the Pool 


Generally speaking, the specific gravity 
in the spiral-separator pool increases from 
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the point of feed entrance at the deep end 
of the pool to the shore line, where the 
sink product emerges. The specific gravity 
is also slightly higher on the side where the 
spiral is rotating upward than on the 
opposite side. There is no appreciable 
differential between top and _ bottom 
when the medium is stabilized. j 


Elimination of Middling Material 


One reason for the superiority of the 
spiral separator for iron-ore concentration 
was that the machine eliminated more 
high-silica middling material in the over- 
flow. Because of the higher specific gravity 
of the pool near the shore line, it was 
impossible for middling particles to sink 
at this point, and they built up in the 
pool until they eliminated themselves in 
the overflow by mechanical crowding. 
This explains the anomaly of float particles 
having a higher specific gravity than the 
medium with which they overflow. 

This characteristic of the machine 
was fortuitous and, frankly, the basic 
reason was not understood during the 
period of testing with iron ore. 


Mesabi Heavy-media Metallurgy 


Concentration of Mesabi ores by heavy 
media has generally been regarded as 
being a crude adaptation of the process 
because of the general high iron content 


of the tailings. Actually, some very fine” 


work has been accomplished in view of 
the character of the material being treated 
and the rigid conditions imposed by the 
economics of marketing iron ore. Con- 
sequently, the following discussion is in 
no. sense an apology for the preceding 
metallurgical data. Many millions of 
tons of merchantable concentrate would 


still be unshipped were it not for the 


adaptation of the heavy-media process 
to the problem. 


heavy media 


Character of Ore 


The average ore being treated by 
in Minnesota does not 
conform to the usual conception of sink- 
float feed; it is not all blue hematite and 
white silica. The production from some 
pits has aptly been described as con- 
sisting of nothing but poor concentrate 
and rich middling. In addition, most 
deposits contain large quantities of slimy 
material that cannot be completely re- 
moved prior to heavy-media treatment. 
This material fouls the medium and 
affects the action of the separating vessel. 
Slime also imposes unusual burdens on the 
medium-cleaning and recovery equipment. 


Design of Cone Separator 


The presence of large amounts of 
middling material in the average ore 
deposit was responsible for the unusual 
design of the separating cone originally 
used for iron ore. The upper part of 
the cone is constricted in the form of an 
inverted cone to cause a rising current 
that is effective in preventing the accumula- 
tion of middling material in the vessel. 
In an ordinary open cone this material 
will concentrate in the vessel until a point 
is reached at which it must settle. It 
will settle with disastrous results to the 
airlift unless controlled. The constricted 
(closed-top) cone was effective in pre- 
venting the accumulation of middling 
material but the rising current also 
interfered with the separation of fine 
sink material, thus limiting the process to 
about 4-mesh bottom size. 


Adaptation of Akins Classifier 


As stated at the beginning of the paper, 
the original purpose of the trial of the 
Akins classifier was to demonstrate some 
mechanical ideas. The metallurgical results 
were fortuitous because the action of the 
spiral in conjunction with differentials of 
specific gravity within the pool could 
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not have been predicted in advance of 
experimentation. 


New Installations 


Two plants have been converted to 
the use of the Akins separator—the 
Patrick plant, operated by Butler Brothers 
near Cooley, and the Hill-Trumbull plant, 
operated by the Mesabi Cliffs Mining Co., 
between Marble and Calumet, Minn. 
Another plant is now being built, by the 
Stanley Mining Co., near Biwabik, for 
operation in 1947. | 


Flowsheet of New Patrick Plant 


Fig 5 is a partial flowsheet of the Patrick 
plant as it was operated during the 
1946 washing season. In addition to the 
replacement of the cones by spiral separa- 
tors, the conventional thickener ahead 
of the magnetic separators was replaced 
by special densifiers, and the arrangement 
of the magnetic separators is novel. 

Operation of the plant has been success- 
ful but a description of the operating 
features and metallurgy would require 
a separate paper. 


Test on Lead-zinc Ore 


Interest in the work with the new 
separating vessel on the Mesabi Range 
led to another pilot test, with a 24-in. 
machine, at the Central mill of the Eagle- 
Picher Mining and Smelting Co., at 
Cardin, Okla. An investigation of heavy- 
media tailings at the Central Mill had 
indicated that a possible reduction of 
0.20 pet zinc might be made in the tailing 
loss if a separation were made at a specific 
gravity of 2.65. The cone separator had 
seldom been able to operate at a specific 
gravity of less than 2.70. 

The work with the spiral separator 
on this test led to modifications in the 
operation of the machine that make 
possible its application to a much broader 
field of sink-float separation than had 
been indicated by operation on iron ore. 
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The results of the work also clarified 
several characteristics of the machine 
that before had not been completely under- 
stood. One of the most important of these 
was the mechanics of middling separation 
in the pool, and it was demonstrated 
that it is possible to reject middlings 
separately from heavy concentrate and 
light tailings. 


FLOWSHEET OF TEST AT CENTRAL MILL 


The cone separator at the Central 
mill is 20 ft in diameter with open-top 
design and an “‘inside”’ airlift; that is, the 
concentrate is discharged above the center 
of the cone and the underflow or “sink” 
medium returns to the vessel by gravity. 
By contrast, the cones on the Mesabi 
Range have “outside” airlifts and the 
sink medium is mixed with the overflow 
medium and returned to the cone by a 
pump. The distinction was a fundamental 
one in the test to be described and will 
be better understood by a comparison 
of Figs 1 and 6. At the Central mill the 
only medium available for operating the 
spiral separator was that from the cone 
overflow, which is the lowest in specific 
gravity. This is shown by the typical 
medium gravities in Fig 6. 


Mepium CIRCUIT 


A 4-in. Wilfley pump delivered part 
of the cone float drainage medium to a 
24-in. Akins separator through a junction 
box. The box had an overflow that was 
designed to maintain a constant head 
on the discharge pipes leading to the 
experimental separator. These pipes were 
valve-controlled as indicated in Fig 6. 
All these features were advantages over 
the arrangement at the Harrison plant 
(see Fig 1). 


OrE FEED TO SPIRAL SEPARATOR 


Heavy-media feed was delivered to the 
cone at a rate of approximately 450 net 
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tons per hour by a belt conveyor. A 
small steel bin was installed on the operat- 
ing floor under the belt-conveyor head 
pulley and a swing chute was designed 
to cut a portion of the main ore stream 
and divert it into the bin. A belt con- 
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SAMPLING PROCEDURE 
Samples of spiral-separator feed and 
products were taken every 30 min. When 
it was desired to check any product by lab- 
oratory sink-float tests two cuts were taken 
and placed in separate sample containers. 
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Fic 6—FLOWSHEET OF PILOT TEST AT CENTRAL MILL. 


veyor delivered ore from the bin to the 
experimental separator and an adjustable 
gate on the bin was used to control the 
feed rate. 

The bin had a live capacity of about 
one ton and it was necessary to cut into 
the main stream about every 1o min. to 
maintain constant feed to the spiral 
separator. The small bin capacity was 
advantageous because frequent filling en- 
sured a representative sample of plant 
feed and eliminated uncertainties that 
might have arisen from frequent changes 
in the type of ore feed. 


The wash screens for cone tailings 
were double-decked and the washed 
tailings were separated into fine and 
coarse fractions. On this account it was 
not possible to take hand samples of cone 
tailings at the same time spiral-separator 
samples were being taken, as had been 
done in previous testing. The plant tailings 
were sampled automatically and were 
collected at the end of each shift. There- 
fore the results obtained with the spiral 
were not strictly comparative because 
it was not always possible to operate the 
machine for a full shift. 
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HEAVY-LIQUID TESTS 
The investigation of the cone tailings 
prior to the test with the spiral separator 
was conducted by checking daily samples 
with acetylene tetrabromide. Sink-float 
separations were made at 2.65 and 2.70 


Overflow 
To Cone 


Sink ee Float 


To Cone Separator 
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the cone, the results would have indi- 
cated the efficiency of each separator. 


PRELIMINARY TESTING 


It had been previously demonstrated 
on the Mesabi Range that the. spiral 
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Fic 7—ARRANGEMENT OF FEED AND PRODUCT DISCHARGE OF 24-INCH SEPARATOR DURING TEST AT 
CENTRAL MILL, 1946. 


sp gr, and the fraction recovered between 
these points represented the reduction 
that could be expected in tailing loss if a 
separator could be efficiently operated 
at a sp gr of 2.65. Samples of spiral- 
separator products were checked in the 
same manner and at the same specific 
gravities, so the results could be cor- 
related with those from the previous 
investigation. 

Therefore the results of the heavy- 
liquid tests made on both spiral and 
cone products in this instance indicate 
only how much material of critical gravity 
was rejected by the respective separators. 


Had the products been checked at the 


actual operating gravities, which was 
about 2.60 for the spiral and 2.70 for 


separator could not recover middling 
material. This was an advantage in 
treating iron ore but was fatal to successful 
separation on this particular lead-zinc ore. 

Examination of the pool indicated 
that middlings congregated at the shallow 
end near the shoreline and an overflow 
opening was cut into the tank at this 
point, to allow them to discharge. As 
soon as this was done the middlings 
ceased to appear in the tailings. This 
was the first indication that a three- 
product separation was feasible. 

It was soon learned, however, that a 
considerable quantity of float material 
was being carried forward on the surface 
of the pool, and there was nothing to 
prevent this material from overflowing 
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with middlings. This difficulty was re- 
medied by introducing medium to the 
surface of the pool on the side opposite 
the tailing and middling overflows and 
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Trests TO DETERMINE CONCENTRATION 
RATIO 

The preliminary work established the 

method of operating the spiral separator 
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Fic 8—TypicaL TEST ON LEAD ZINC ORE. 


about midway between these points. A 
current was thereby created which pre- 
vented tramp float material from reporting 
in the middling overflow. Fig 7 shows 
an approximate plan arrangement of the 
spiral separator as described and Table 6 
shows the assays of middling products 
before and after the introduction of 
extra medium at the side of the tank. 


to recover a separate middling product 
and a series of tests was made to determine 
the concentration ratio. On account of the 
spotty nature of the ore it was necessary 
to determine the ratio by actual weights. 
Fig 8 is reproduction of the record of a 
typical day’s operation, which will illus- 
trate the method of obtaining the various 
data. 


Ot Ma cla ep a Nae a Raggy Mint Sie NO a 5 A NE ae ee 8 


E. C. BITZER 273 


Tables 7 and 8 are condensed sum- TABLE 9—Spiral Tailings, Individual 
maries of a series of tests and Table 9 Assays 
shows the distribution of zinc losses in the 
tailing. ae —2.65 Sp Gr] ~ 75 Gr 85) +2.70 Sp Gr 
Size, 
‘ TABLE 6—Results of Preliminary Tests Tas | ets | Za, | pore | 2% ete zey 
: Pet Pct Ou Pct 
Wt Wt Wt 
Medium, 
Sp Gr Assays, Pct Zn sensi O36 


+% 
+ 36 49.33| 0.36 | 0.30 | 1.63 | 0.11 | 2.05 
— 3% Ir.61| 0.22 | 0.11 | 2.15 | 0.36 | 2.75 


Spiral Tailings, Calculated Composite Assays 


BerceO SHAS LY Pet We Pet Zn Units 

+4 38.18 0.36 Onk37 

+% 49.74 0.37 0.185 

; —% 12.08 0.31 0.038 
; @ Cross current used for first time. Sarge ee 
0.360 


DiscussIoN OF RESULTS 
same as that of the cone overflow, although 


Control of Specific Gravity in a few tests some water was added 
The specific gravity of the feed medium to the spiral pump sump to experiment 
— to the spiral separator was generally the with lower gravities. 


TaBLe 7—Tests to Determine Concentrate Grade and Recovery 


Z | Sp Gr, Medium Spiral Product Assays, Pct Zn Cone ie ed Pet 

Date 
Feed | Tails |Middling] Feed | Tails | Midd. | Cone. Combi Tails | Cone 

6/28 2.65 i at 3 2.78 1.85 0.47 5.96 36.00 8.95 68 Ip, 
6/29 2.67 2553 2.81 2.00 0.34 4.06 36.80 6.39 .63 16. 
7/1 2.70 2.57 2.83 I.90 0.52 4-51 32.90 5.82 A 
7/2 2.70 2.58 2.82 1.60 0.58 6.01 28.00 6.98 
7/3 2.70 2.58 2.87 PALO 0.59 6.33 27.20 7.28 
8/7 2.68 2.57 2.81 2.00 0.63 9.28 36.00 10.73 
Avg 2.68 2.56 2.82 


Combined spiral concentrate (weighted average) = 7.72 pet Zn. 
fe Concentration ratio (calculated from time samples) = 6.15 to I. 
: Percentage of recovered zinc in middling = 68.8 pct. 
Percentage of recovered zinc in sink conc. = 31.2 pct. 
Average (arithmetical) spiral tailing = 0.52 pet Zn. 

Average (arithmetical) cone tailing = 0.69 pct Zn. 

Average (arithmetical) cone concentrates = 17.6 pct Zn. 


TABLE 8—Heavy-liquid Tests on Spiral Products 


—2.65 Sp Gr —2.70 +2.65 Sp Gr +2.70 Sp Gr apie 
Product ats Z a 

roe en Units rae ae Units | Wr Pot | Units | Units 

6/28 Tailings 95-6 0.47 | 0.44 2.2 Ba0O4) OLE Bae 4,55;| 0.10 0.65 
6/29 Tailings 95.1 0.26 | 0.25 4.2 1273 | 10.07 0.7 3,05" |pOrog 0.35 
4/% Tailings 98.1 0.50 | 0.49 I.9 2.46 | 0.046 0.536 
7/2 Tailings 96.7 0.58 | 0.56 2.6 2.48 | 0.06 0.7 2.40 | 0.0L 0.63 
w3 Tailings 96.9 0.56 | 0.54 Pe) 2.26 | 0.06 0.9 2.95 | 0.02 0.62 
8/7 Tailings 96.7 0453 | Ove I.4 3.45 | 0.048 AG) 2.78 | 0.053 | 0.611 
8/7 Middlings | 42.63 0.83 | 0-354 7.48 | 363-110 ..27 49.88 | 16.20 | 8.10 8.724 


274 


It was soon learned that the valve 
controls on the medium lines from the 
junction box to the experimental separator 
were of little use, because if the volume 
of circulating medium in the pool was too 
low the specific gravity of the tailing 
overflow would drop to the point where too 
much barren gangue would begin to report 
with middling material. The reason for 
this was that the middling overflow was in 
effect robbing an already impoverished 
medium. The specific gravity at the 
middling discharge averaged 0.26 more 
than at the tailing overflow. Incidentally, 
the spiral removed no medium from the 
separator except that attached to the 
sink material. The amount of medium 
discharged with sink product, therefore, 
was insignificant. 

The average specific gravity of tailing 
medium was 2.56 and the actual separation 
of combined concentrate and _ tailings 
was probably made at close to 2.60. The 
excessive volume of medium flowing 
through the separator pool unquestionably 
interfered to some extent with the specific- 
gravity separation because the amount of 
plus 2.65 sp gr material in the tailings 
averaged 3.5 pct. 

These conditions amount to a departure 
from a true specific-gravity separation, 
which can be closely approached with the 
machine if the conditions are right. The 
feed medium must be high enough in 
specific gravity to permit balancing the 
gravities between the tailing and middling 
overflows without the necessity of resorting 
to velocity to control the settling rate 
of the medium. 


Elimination of Middling 

The method of removing middling 
from the spiral separator is a combination 
of mechanical action by the spiral and 
simple gravity overflow. Since nothing 
can stop the discharge of middlings, they 
will not accumulate in the pool and cause 
trouble. These are advantages that the 
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cone does not have. Erratic middling 
elimination was the fundamental difficulty 
with the cone on this particular application 
because the quantity of middling material 
in the plant feed varies over a considerable 
range. 


General Conclusions 


A definite concentration and a low 
tailing were achieved with the spiral 
separator. The fact that the tailing 
averaged lower than the plant tailings 
indicates that an improvement in tailing 
loss may be realized by a separation at a 
lower gravity. This verifies the conclusions 
reached from the original investigation. 

The low grade of concentrate produced 
was a result of excessively low specific- 
gravity separation, and there was no prac- 
tical means for correcting this condition. 

Two distinct grades of concentrate 
were produced, a middling that floated 


and a heavy sink of high grade. Since - 


both products had to be ground to flotation 
size for final concentration, there was no 
advantage to be gained by recovering 
the products separately. The possibility 
of such a separation is interesting, however. 
For instance, a separation of fluorspar 
might be made in which the tailing could 
be rejected, the middling sent to fine 
grinding and flotation, and heavy con- 
centrate marketed directly. 
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DISCUSSION 


E. H. Crastree, Jr.*—The test at the Cen- 
tral Mill using the spiral separator indicated 
that this unit could be operated safely at much 
lower specific gravities than could the cone, 
and for this reason the separator could make 
lower tailings than could the cone, at a sacrifice 
of grade of concentrate and middling products. 
A specific gravity of circulating medium of 
below 2.65 is essential to improve the cone 
tailings over their normal run. At such a gravity 
the cone is operating at the danger point, while 
the separator is able to operate at gravities 
considerably below this point without mechan- 
ical difficulty. The fact that the separator could 
not make lower tailings than could the cone 
and at the same time maintain a high enough 
grade of combined concentrates to keep from 
loading up the subsequent concentrate retreat- 
ment plant was an economic rather than a 
metallurgical problem; in planning a new plant 
this fact could be taken into consideration. 


* Eagle-Picher Mining and Smelting Co., 
Joplin, Mo. 


A Suggested Approach to the Analysis of Mineral Suspensions by 
High-frequency Electrical Measurements 
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Fic 1—ILLUSTRATION OF THEORY OF HIGH- 
FREQUENCY ANALYZER. 


AN instantaneous and continuous analy- 
sis of a mineral suspension should be of 
great value in controlling various mineral 
preparation processes. Described herein is a 
method of analysis based on the use of 
high-frequency alternating current, which, 
under certain restrictive conditions, could 
be of use. 


THEORETICAL CONSIDERATIONS 


In a suspension of conductive minerals, 
the electrical effect primarily responsible for 
the variations in electric conductivity is the 
capacitance. In Fig 1a, let an alternating 
voltage E be applied across two electrodes 
F and F’, between which are two rows (S 
and 7) of mineral particles, all of approxi- 
mately the same size, immersed in a fluid. 
Let the number of rows of particles between 
the electrodes be R and the number of par- 
ticles in each row be NV. If A is the area 
of a particle, D is the distance separating 
two particles, and K is a constant depend- 
ing on the fluid, the capacity, Co, of the 
particle system will be given by: 


KRA 


Ce vo 


Referring now to Fig 1), let R, the number 
of rows, be held constant, but let NV, the 
number of particles in each row (S and 7), 
be increased X-fold. The capacity, C, of 


Manuscript received in the office of the 


Institute Feb. 4, 1948. Issued as TP 2462 in — 


MINING TECHNOLOGY, September 1948. 
*Graduate Student, Division of Mining 

Engineering, School of Mineral Industries, 

The Pennsylvania State College, State College, 


:. 

+ Chief, Division of Geophysics and Geo- 
chemistry, School of Mineral Industries, The 
Pennsylvania State College. 


276 


| 


Ot mide 


Oe Pree Vi A nl SP gg tag Ssh A Moe 


é 
Yy 
ri 
3 
7 
x 


tal 


me ADS wy ee Ete Reh cae 


JOHN D. MORGAN, JR. AND SYLVAIN J. PIRSON 


AC 
VOLTMETER 


BALLANTINE 
LABS 
MODEL 300 


AC 
OSCILLATOR 


HEWLETT-PACKARD 
MODEL 202D 
FOR 115 VOLTS, 

50-60 CYCLES 


277 


GLASS TUBE, 1.1 CM. ID 
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Fic 2—Hi1GH-FREQUENCY ANALYZER. 


the system remains unchanged as may be 


seen from: 


KRA 
Vf graimcg ray 


XN ¥ 


However, if R, the number of rows, is in- 
creased Y-fold (to become S, T, U, V, as 
illustrated by Fig 10), all other things being 
held constant, the new capacity, C2, of the 
system becomes: 
KYRA 
C= ND 


Since a general increase in the number of 
particles in circulation between the elec- 
trodes F and F’ will increase both R and NV, 
an. increase in the capacity of the system 
can be expected. Consequently, causing 
more particles to pass between the elec- 
- trodes should cause an increase in the elec- 
trical current flowing between them, since 
for a purely capacitive circuit: 
I = EonFC 


= CoV 


where J is the current flowing in the circuit, 
E is the impressed voltage, F is the fre- 
quency, and C is the capacity. The ohmic 
resistance of the particle suspension will of 
course also play some part in determining 
the amount of current that’ will pass be- 
tween the two electrodes. Indeed, in the 
case of nonconductive minerals, the elec- 
trical effect primarily responsible for the 
variations obtained is the ohmic resistance, 
for here the nonconductive particles present 
in suspension reduce the conductivity of the 
more conductive liquid in which the par- 
ticles are suspended. 


HIGH-FREQUENCY SUSPENSION 
ANALYZER 


Fig 2 is a schematic diagram of the essen- 
tial elements of the analyzer. All of the 
electronic equipment illustrated operates on 
a line voltage of 115 v, 60 cycles. The 
oscillator generates a signal of variable 
voltage and frequency: for the tests de- 
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POTENTIAL DROP ACROSS 40=-OHM RESISTANCE (VOLTS) 
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Fic 3—CONTRASTING BEHAVIOR OF A CONDUCTIVE AND A NONCONDUCTIVE MINERAL IN HIGH- 
FREQUENCY ANALYZER. 


scribed herein (in which the amount of 
mineral in suspension was varied) the 
input voltage to the analyzer circuit was 
held constant at 4.0 v, and the input fre- 
quency was held constant at 50,000 cycles. 
These values were determined by experi- 
mentation to be most satisfactory. One 
voltmeter was employed to monitor the in- 
put voltage to the analyzer, while the 
second voltmeter was used to measure the 
potential drop across a resistance of known 
value placed in series with the analyzer cell. 
A suspension was circulated through the 
cell (in the direction indicated by an arrow 
on the sketch) by an air lift in the glass tub- 
ing liquid circuit in series with the cell. The 
cell was kept in a vertical position for all 
tests. The total volume of the cell plus the 


circulating system was about 800 cc, 
while the volume of the cell alone was 
L25.CC. 


Liguip PART OF SUSPENSION 


The water employed in making all the 
tests (except the water-quartz-galena sus- 
pension test) was tap water which had been 
allowed to stand in contact with the mineral 
used for a period of at least 12 hr to elimi- 
nate changes of liquid conductivity due to 
later solution of electrolytes. The water was 
then decanted and the mineral carefully 
dried so that the latter could be added in 


Le os 


weighed increments. To obtain reproduci- — 


ble results, the concentration of electrolyte 


in the liquid must be both small and con- 
stant, for it was found that o.1 pct by 
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Fic 4— BEHAVIOR OF A CONDUCTIVE MINERAL WHEN ADDED TO A NONCONDUCTIVE MINERAL IN 
HIGH-FREQUENCY ANALYZER. 


weight of salt (NaCl) would produce a con- 
ductivity change equivalent to that pro- 
duced by the maximum possible circulating 
load of most conductive minerals. In each 
test an initial liquid load of 500 cc was cir- 
culated in the cell, and to this liquid the 
suspensoid was added in 4o0-g increments. 
The suspension was then allowed to circu- 
late through the cell until equilibrium con- 
ditions were obtained, whereupon, ensuring 
that the input voltage was constant at 4.0 
v, the potential drop across the standard 
4o-ohm resistance was read. 


RESULTS OF VARIOUS TESTS WHERE 
AMOUNT OF MINERAL IN SUSPENSION 
Was VARIED 


Table 1 summarizes the results obtained 
in selected tests with the representative 
minerals, quartz, zircon, galena, and ferro- 


silicon. In these tests the amount of mineral 
present in the suspension was the variable. 

Fig 3 contrasts the behavior of a typical 
conductive and a typical nonconductive 
mineral. 

Fig 4 illustrates the curve obtained when 
a conductive mineral is added to a non- 
conductive mineral already in suspension. 
(In this test plain tap water was used, to- 
gether with well-washed quartz and well- 
washed galena that had been air-dried.) 

Fig 5 is based on the same data as the 
previous curves but has calculated densi- 
ties as abcissas. 


RESULT OF A TEST WHEN FRE- 
QUENCY WAS VARIED 


Table 2 summarizes the results obtained 
from a test in which 100 cc of galena sludge 
(—150 mesh) in 500 cc of water which had 
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1,4 


POTENTIAL DROP ACROSS 40-OHM RESISTANCE (VOLTS) 
¢ wetepe's 


ee ee ee 


A ; 
1.0 ie 1.4 1.6 1.8 2.0 
SUSPENSION DENSITY (GRAMS/CC, ) 


Fic 5— HIGH-FREQUENCY ANALYZER APPLIED TO MEASUREMENT OF DENSITY OF MINERAL SUS- 
PENSIONS. 


TABLE 1—Summary of Representative Tests Using the High-frequency Suspension Analyzer 


Ferrosilicon, 150 X 200 Mesh Zircon, —200 Mesh Galena,» —150 Mesh 
ag veer 

Oo inera . 

Potential Potential Potential 
Added nf Calculated Dios Across Calculated theca eueoee Calculated Drop Agta 
500 cc 0 Suspension Oh Suspension Oh uspension 
Tap Water Density Re: ses Density oibab gigas Density 40-Ohm 
(@ perice) esistance (g per ce) Resistance - (g per ec) Resistance 
(Volts) (Volts) (Volts) | 

° 1,00 0.19 1.00 0.079 Zisa2 0.08 
40 1.07 0.23 1.06 0.078 Tie 0.15 
80 ris 0.28 I.12 0.075 1.33 0.22 
120 1.20 0.35 1.18 0.072 1.39 0.29 
160 1.26 0.42 1.24 0.069 1.44 0.36 
200 1.32 0.50 1.29 0.066 1.49 0.42 
240 1.38 0.59 1.34 0.063 1.55 0.49 
280 I.44 0.69 TSO 0.059 1.60 0.56 
320 1.50 0.81 1.44 0.055 1.65 0.63 
360 rose 0.96 1.49 0.051 £..'70) 0.70 
400 Ox I.10 E54 0.047 ay On 77 
440 1.66 1.30 1.58 0.044 1.80 0.84 
480 1.63 0.042 1.85 0.90 
520 1.67 0.040 1.89 0.906 
560 Digs 0.038 1.04 T.04 
600 1.98 1.10 


@ All tests made with input voltage of 4.0 v, at 50,000 cycles. 


+ The galena was added to a suspension of 200 g of 100 X 150 mesh quartz. Before the quartz was added, 
the 500 cc of tap water alone had a density of 1.00 and a potential drop of 0.10 v. : 
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10000 100000 


FREQUENCY ( CYCLES/SECOND) 


Fic 6—EFFECT OF INCREASING FREQUENCY ON CONDUCTIVE MINERAL SUSPENSION IN HIGH-FRE- 
QUENCY ANALYZER. 


TaBLE 2—Effect of Frequency upon the 
Conductivity of a Mineral Suspension 


Water used: tap water allowed to stand over- 
night in contact with the galena. 
500 cc used, 

Galena used: —150 mesh material, too cc of 
wet sludge used. 


Input voltage: 7.0 v. 


PoTENTIAL Drop ACROSS 


APPLIED FREQUENCY 40 OuM RESISTANCE 


(Cycles Per Sec) (Volts) 
100 0.62 
300 0.64 
500 0.65 
700 0.68 
I,000 0.71 
2,000 SOR) 
3,000 0.82 
4,000 0.86 
5,000 0.88 
6,000 0.91 
7,000 0.94 
7,000 (repeat at change 0.94 
of meter range) 

10,000 0.98 
20,000 I.10 
30,000 1.15 
40,000 1.55 
50,000 ton 
60,000 T.15, 
70,000 75 


been allowed to leach the galena overnight 
was circulated through the analyzer while 
the frequency was varied. The galena sludge 
was not air-dried in this test but was added 
wet. 

Fig 6, based on the data one able: 2 
definitely shows that there is an increase of 
conductivity at higher frequencies, thus 
validating the original premise that the 
current increase obtained was due pri- 
marily to the capacity effect. 


CONCLUSIONS AND RECOMMENDATIONS 


It is realized that more tests of the 
method suggested should be made before 
definite conclusions as to its applicability 
are announced. However, since circum- 
stances do not permit the authors to 
continue the investigation at the present 
time, the following conclusions are drawn 
from the work performed to date with the 
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thought in mind that the information 
should prove useful in certain applications: 

1. To analyze a suspension composed 
of a liquid of constant low conductivity 
and a single mineral of either higher or 
lower conductivity than the liquid, the 
method described could possibly find ready 
application. 

2. To analyze a suspension composed of 
a liquid of constant low conductivity and a 
two-component mineral mixture in which 
one mineral is of low conductivity and one 
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mineral of high conductivity, the method 
described could be applicable in determin- 
ing only the amount of high-conductivity 
mineral present. 

3. To determine the density of a mineral 
suspension, or to maintain such density be- 
tween certain limits, and if such suspension 
is composed of a liquid of constant low con- 
ductivity and a single mineral of either 
lower or higher conductivity than the 
liquid, the method described could be again 
applicable. 


es 
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Metallurgical Efficiency—a Yardstick in Lead-zinc 
Flotation Metallurgy 


By R. A. Patiancnu,* MrempBer AIME 
(New York Meeting, March 1947) 


PROBABLY one of the most perplexing 
problems with which a mill operator con- 
tends is the proper evaluation of his mill 
results. True, he accurately determines his 
recoveries of metals and grades of products 
monthly, weekly, and often daily. These 
figures do not of themselves directly trans- 
late to mill economics. When one figure is 
unusually good there may be an offsetting 
circumstance. The advantage of high lead 
or zinc concentrate grade may be offset 
by poorer recovery; high lead recovery 
may be offset by poorer zinc recovery, or 
vice versa; and so on. Besides, grades or 
recoveries may not of themselves mean 


more than a reflection of the grade and 


character of the ore during the period under 
study. 

What the operator sorely needs is some 
one measuring stick that tells him when he 
has achieved his greatest return, regardless 
of grades or recoveries—for if he knows 
his methods and practices are yielding the 
optimum return he need no longer concern 
himself with the assays of products and 
tailings, or the corresponding distribution 
of metal values. 

At first blush it would appear that the 
obvious answer to this is the actual money 
return to the mill. Paradoxical as it may 
seem, however, money return does not 
make a dependable yardstick any more 
than do grades and recoveries, as ore condi- 


Manuscript received at the office of the 
Institute Nov. 6, 1946. Issued as TP 2141 1n 
MINING TECHNOLOGY, March 1947. ’ 

* Mill Superintendent, U. S. Smelting, 
Refining and Mining Co., Midvale, Utah. 


tions would vary enough to bring about 
greater money return during periods when 


‘ the actual metallurgical work is not as 


good. The mill operator, of course, should 
always aim for the greatest return on the 
ore, once it is in the mill bins, with proper 
attention always to mill treatment cost. 

The need of a proper yardstick becomes 
more imperative with the increasing com- 
plexity of the problem. In the case of a 
simple, single-product operation on a fairly 
uniform ore, in which only one metal is of 
significant importance, the need is not 
great, as grade and recovery pretty well 
tell their own story. At the other extreme 
is the operation that makes three or four 
separate marketable products from a com- 
plex mixture of heterogeneous ores that 
vary tremendously -in individual metal 
contents and ratios, degree of oxidation, 
and other characteristics, and in which 
gold, silver, copper, lead and zinc are all 
significant values. 


Economic RECOVERY 


The first attempt at obtaining a proper 
single yardstick for a fairly complex ore 
with which I am familiar is the use of the 
“Economic Recovery” term at the lead- 
zinc flotation mill of the Sunnyside Mining 
and Milling Co., Eureka, Colorado. This 
method had been applied there early in 
Sunnyside flotation-mill history (not later 
than 1920) and credit for the innovation I 
believe belongs to Messrs. Kuryla and 
Marquand. The term “Economic Re- 
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covery”’ as here defined was the percentage 
ratio of actual mill return per ton ore to the 
gross value per ton ore during any period 
under observation. It made a very con- 
venient and satisfactory method of evalu- 
ating Sunnyside metallurgy during long 
periods when the ore remained fairly 
uniform in character and grade. 

At the Midvale mill of the United States 
Smelting Refining and Mining Co., how- 
ever, this method of evaluating mill work 
soon proved very misleading, particularly 
as the percentage of individual lease ores 
and custom ores in the mill feeds increased. 
It was soon evident that poor work on an 
ore that hada high degree of precious- 
metal value would show considerably 
higher Economic Recovery than would 
excellent work on an ore that had prin- 
cipally base-metal value. 


METALLURGICAL EFFICIENCY 


In order to retain the advantages of the 
method and largely rule out the disadvan- 
tages, we went a step further at Midvale 
(1936). We developed the term ‘ Metai- 
lurgical Efficiency,” which we defined as 
the percentage ratio of actual mill return 
per ton ore to the theoretical maximum 
return per ton ore if perfect grades and 
recoveries had been accomplished. We 
chose metallurgical perfection as the one 
base that could not be changed (or ever 
reached) no matter what the grades, 
recoveries, or degree of comminution. This 
term and method has been employed at the 
Midvale mill ever since. 


ADJUSTED METALLURGICAL EFFICIENCY 


One further step had to be taken, how- 
ever. Because of the fact that Metallurgical 
Efficiency tends to increase with the grade 
of ore, we decided upon an adjustment, 
entirely empirical, to be applied to ores of 
varying grades. We assumed a set figure 
as a base standard of maximum theoretical 
return and adjusted to this standard. For 
instance, an ore that returns $8.00 from a 


theoretical maximum return of $10.00 
figures 80 pct metallurgical efficiency. The 
same ore returning $26.00 from a theoretical 
maximum of $30.00 figures 86.6 pct metal- 
lurgical efficiency. (Such an _ extreme 
variation of a single ore classification is 
not unusual.) The difference in efficiency 
is due entirely to grade. If we take the base 
standard of $20.00 for theoretical maximum 
return for both grades of ore, and assume 
90 pct efficiency for that portion of the 
value below or above the standard, we are 
able to arrive at an adjustment that tells 
the story much better. Thus, in the case 
of the lower grade ore the maximum return 
is $10.00 less than the base of $20.00; then 
90 pct of $10.00, or $9.00, is added to the 
$8.00 return per ton, making $17.00. The 
adjusted metallurgical efficiency is $17.00 
+ $20.00 = 85.0 pct. 

In the case of the higher grade ore, the 
maximum return exceeds the base of $20.00 
by $10.00. Applying 90 pct metallurgical 
efficiency to this $10.00 gives $9.00. De- 
ducting this $9.00 from the $26.00 actual 
return makes a return of $17.00 for a $20.00 
base. Again we have 85 pct adjusted metal- 
lurgical efficiency. In this way the grade 
effect is minimized and straight across 
comparisons may be made. 

Having established a base theoretical 
maximum return per ton ore, we are then 
able to apply the adjusted metallurgical 
efficiency to each tonnage contained within 
a mixture and summate to what the 
adjusted efficiency for the mixture should 
be. If the mill results on the mixture show 
greater return, mill work has surpassed 
expectation; if less, mill work has fallen 
below expectation. Previous individual test 
work on the separate ores, figured to 
adjusted metallurgical efficiencies, with 
proper summation on the tonnage basis, is 
what establishes the expectation. 

It would be absurd to imply that if 
another $10.00 of possible value were put 
into (or taken out of) an ore the metal- 
lurgical efficiency would be increased (or 
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decreased) by the amount shown in the 
adjustment. Merely increasing the theo- 
retical maximum of a partially oxidized 
ore, for instance, might not improve its 
efficiency, but actually might decrease it, 
because the metallurgical efficiency of 
the additional increment, if oxidized, 
would be much lower than the 90 pct 
figure used. The adjusted efficiency figure, 
however, does have the great advantage of 
making it possible to translate the work on 
individual ores to that on the combined 
tonnages within a mixture of the ores. 


Illustration 


By way of illustration, let us assume four 
separate ores of varying grades and propor- 
tions, which individually behave very 
differently as follows: 
i 


Percent- Maxi- 
Ore age of Gross mum Actual 
Mixture| Value | Return | Return 
ASS Hetshs le didi I5 $10.00 | $ 6.00 | $ 2 00 
Be atate when, = 25 10.00 6.00 4.80 
ON ee eats cha 45 30.00 20.00 17.00 
We iertian soe 15 40.00 28.00 24.00 
Summation..| 100 $23.50 | $15.60 | $12.75 


Deena ee ee ne EEE SERS 


Using 90 pct adjustment to $20.00 base, 
the following results are obtained: 


: Metal- . 
Economic : Adjusted 
Semele Bee fe Efficiency, 
ct Pct Pet 
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Applying the individual economic re- 
coveries to the mixture direct gives a 
summated economic recovery of 49.5 pct, 
which does not check at all with the 54.2 
pct in the table. 

Applying the individual metallurgical 
efficiencies to the mixture direct gives a 
summated metallurgical efficiency of 76.1 
pet, which does not check with the 81.7 pct 
in the table. 


Applying the individual adjusted efh- 
ciencies to the mixture direct, however, 
gives a summated adjusted metallurgical 
efficiency of 83.5 pct, which exactly checks 
the figure in the table. This method of 
comparison is accurate. 

The base of $20.00 per ton for theoretical 
maximum return may be changed to any 
other base, of course. Likewise the 90 pct 
adjustment may be changed to some other 
figure more in line with the circumstances. 
It is well to choose a base that is fairly 
average for mill ore conditions, and a per- 
centage adjustment that is in line with the 
best mill work. 


Some SIMPLE METAL MARKET SCHEDULES 


No reference has been made in the fore- 
going pages to any actual metal market or 
schedule, for that is local for each operator. 
However, it may be wise, by way of illus- 
tration, to assume some very simple, 
streamlined schedules, it being understood 
that any similarity to existing schedules and 
contracts is “purely coincidental.” 

Assume a schedule for lead concentrate 
as follows: 


All of gold at $32.00 

95 pct of silver at market 

go pct of copper at market less 6 cents 

go pct of lead less 1.5 pct off assay, at 
market less 1.5 cents 

Iron pay, 6 cents per unit 

Deductions, sulphur 
++ treatment + freight.. $0.00 per dry 
ton 


Assume a schedule for zinc concentrate 
as follows: 


80 pct of gold at $35.0c 

80 pet of silver at market 

Copper—no pay 

80 pet of lead in excess of 3 pet at market 
less 2 cents 

80 pct of zinc at market 

Deductions, treatment 
+ freight.......... $30.00 per dry ton 
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Assume a schedule for pyrite to a copper 
smelter as follows: 


95 pct of gold at $35.00 

95 pet of silver at market 

50 pct of lead at 4 cents off price 

Iron excess over silica, 5 cents per unit 


Deduction, treatment plus freight, $6.00 
per dry ton 
Assume the war ceiling prices of: 


Pb Zn 
$0.065 $0.0825 


Au Ag 
$35.00 $0.71 


Cu 
$0.12 


Metallurgical perfection would be 
achieved if all the copper mineral (assume 
chalcopyrite) and all the lead mineral 
(galena) were combined into a product that 
contained all the gold and silver, with no 
free pyrite, gangue, or other non-pay 
minerals; and all the zinc mineral were 
contained in a product made up of zinc 
mineral only. Any pyrite product then 
made would not pay its own way and there- 
fore would have negative value, if recovered. 

If a separate copper product is being 
marketed as such to a copper smelter, a 
copper-smelter schedule would apply in 
order to properly establish maximum pay 
for copper. This possibility is not being 
considered here, as thought is being given 
only to a plant making gold-silver-cop- 
per-bearing lead concentrate, gold-sil- 
ver-lead-bearing zinc concentrate, and 
gold-silver-lead-bearing pyrite concentrate. 
Any copper existing in zinc and pyrite 
concentrate would represent a loss. 


CALCULATION OF THEORETICAL MAXIMUM 
RETURN 


A perfect galena concentrate would run 
86 pct lead and 14 pct sulphur. Such a 
product would give a lead return as follows: 


za a8 (0.860-0.c15) X ($0.065-$0.015) 


richiare Lieve ait elerOienarsiciiel «Mesa e ice $76.00 
Total aedeeese 4 via veld SHES CIEY fees Cn gaia e f 


$67.00 
Thus, 1720 lb of lead returns a maximum of $67.00 
= $0.039 per pound. 


A perfect chalcopyrite concentrate would 
run about 34 pct copper and 30 pct iron. 
Shipped on the lead schedule gives: 


2000 X 0.34 X 0.9 X ($0.12 — $0.06)...... $36.70 
Iron pay; 30° $0062). 1. % crcl tn ints aelolave 1.80 
‘ $38.50 

Total dedtcttOticn socc.clcera'oisne siete oh nee sterols 9.00 
$20.50 


Thus, 680 lb of copper returns $29.50 = $0.043 per 
pound. 


A perfect partially marmatitic zinc con- 


centrate is assumed to run 60 pct zinc. This 
would realize: 


2000 X 0.60 X 0.8 X $0.0825.. $79.20 
Total deduction.............. 30.00 
$49.20 


Thus, 1200 lb of zinc return $49.20 
= $0.041 per pound. 


From these data, perfect work therefore 
assumes 
returns: 


the following maximum net 


.00 per ounce 

-675 (95 pct of $0.71) per ounce 
.043 per pound 

.039 per pound 

.041 per pound 


If we assume an ore running as follows: 


Al sAg aCU =. bpgecin 
0:20, 5,01 0.255 5.00.6 


Fe 
10.0 


perfect work for this ore would be: 


PER 
Ton 
Gold ce Sersianesiasieneutente 0.2 X $32.00 = $6.40 
PU Verdicts dasha sick 5.0 X $0.675 = 3.38 
Coppers xs catsns eee ke slb X $0.043 = 0.21 
Leads: ovses aaenoteemebies 100 lb X $0.039 = ste: 
Zin ahs caatew oat 100 lb X $0.041 = 4.10 
The theoretical maximum return would then 
BDO vale os ce Mlcteva Usstake RieteMeee ie eieta nana nate $17.99 


Proof of the accuracy of this method of 
determining maximum return may be had 
by resolving the ore into its component 
“perfect” products: 

100 tons of the ore would yield 5.82 tons 
of 86 pct lead concentrate, assaying 3.44 0z 
gold, 86 oz silver. This figures: 


Gold...... 3.44 at $32.00 = $110.00 

Silver..... 86 X $0.675 = 58.00 
Lead...... 2000 X (0.86 — 0.015) X 0.9 

X ($0.065 — 0.015) = 76.00 

$244.00 

Totahdeductian sn cose cuen cpee eee ts 

$235.00 

mer ton of original ore, the return = $235.00 X o. me 


= $13.67 


At i ay 


Piel 


ice a raga 
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100 tons of the ore would yield 0.73 ton 
of chalcopyrite assaying 34 pct copper and 
30 pct iron. This, with its deduction, on the 
lead schedule, as already shown, realizes 
$29.50 per ton. Per ton of original ore, the 
return would be $209.50 X 0.0073 = $o.22. 

too tons of the ore would yield 8.33 tons 
of 60 pct zinc concentrate. This concen- 
trate, as already shown above, figures 
to $49.20 per ton. Per ton of original ore, 
$49.20 X 0.0833 = $4.10. 

The total maximum return is then $13.67 
plus $0.22 plus $4.10, which totals to 


~ $17.99, which is the same figure we arrived 


at above by the short-cut method. 

On the pyrite schedule shown a pure 
pyrite product, assaying 47 pct iron, would 
realize only $2.35 per ton for excess iron 
pay. The deduction of $6.00 for treatment 
plus freight would then figure to a loss of 
$3.65 per ton pyrite, or $0.0039 per pound 
of iron. When a pyrite product has to be 
made for precious-metal recovery, this 


negative value for iron may be considered. 


The $17.99 total would then be decreased 
by 200 lb X $0.0039, OF $0.78, making the 
maximum return $17.21. 

If only a lead concentrate and a zinc 
concentrate are made on the pattern ore 
used, the combined return from the two 
products per ton ore divided by $17.99 
would be the metallurgical efficiency 

If a lead, zinc, and pyrite concentrate 
are made, the combined return of the three 


- products per ton ore divided by $17.21 


would be the metallurgical efficiency. 

It is necessary, of course, to have a 100 
pet checkback of all values in order to 
establish true efficiency. Underruns would 
lower efficiency below actual and overruns 
would raise efficiency above actual. It is 
necessary therefore to calculate to a heads 
assay by summation. The theoretical 
maximum return per ton ore is based upon 


such summated assay: It is extremely 


important, therefore, to obtain reasonably 
correct estimates of tonnage, and correct 
products and tailings assays. 


No claim is made that the method of 
computing metallurgical efficiency does not 
leave something to be desired. Changing 
markets influence the figure, of course. But 
this need not be disturbing, as comparison 
may be resolved to some one market con- 
dition. The difference between efficiency 
based upon different markets may be too 
great for comparison, but when such com- 
parison is made at either market, the differ- 
ence at one market should closely resemble 
the difference at the other. 

Other operators may have developed 
methods of evaluating mill results as satis- 
factory as this one. If so, I hope they will 
give us the benefit of their experience. 


DISCUSSION 


S. D. MicHaELson*—The method of deter- 
mining the efficacy of a separation described in 
this paper, gives the metallurgist a most useful 
guide for keeping his ship on an even keel when 
the ore waves vary from placid seas to high 
breakers. 

Now that such a method of evaluating metal- 
lurgical efficiency has been developed and 
proven practical, it would seem logical to intro- 
duce the next, and more final, factor of Eco- 
nomic Efficiency. I choose to define this term 
as the percentage ratio of net return from mill- 
ing to the theoretical maximum net return. 

The actual operating cost subtracted from 
the actual mill return represents the net actual 
amount received for the material treated. 

Experienced operators of most plants would 
ordinarily have enough data on hand to esti- 
mate a theoretical milling cost per ton, based 
on labor, power, supplies and maintenance 
when operating at maximum tonnage with 
minimum trouble and under ideal ore condi- 
tions. When this theoretical estimated cost is 
subtracted from the theoretical maximum ore 
return (calculated by Pallanch’s method) the 
resulting figure is the maximum theoretical net 
amount the mill operator could hope to realize 
in processing the ore. 

The percentage ratio of these sums, of actual 
to theoretical, is the economic efficiency of the 
operations. 


* Allis-Chalmers Manufacturing Co., Mil- 


waukee, Wisc. 


288 METALLURGICAL EFFICIENCY—A YARDSTICK IN LEAD-ZINC FLOTATION 


This economic efficiency, if determined on the how energetic our hunt must be to develop ma 
basis of a fixed market price for metal and saving controls, more effective metallurgy, and 
similarly fixed base rates for labor, power and better equipment to maintain profitable opera- 
supplies, will reflect the effect of changes in tions. Such computations also offer a simple 
milling practice, labor efficiency and equipment means of determining how much more labor, 
condition. When computations made on the 

supplies and power can be put into the mill 


basis of actual current rates for labor, power 
and supplies are compared with similar actua] °Peration to obtain an increase in metallurgical 


figures for past periods they will show forcefully  Tecovery at a profit. 
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A Short-cut Method of Metallurgical Accounting 


By E. H. Crastree, Jr.* AND Nei S. Parker,* Mempers AIME 


THE custom milling plant of the Eagle- 


- Picher Mining and Smelting Co. is at 


Sahuarita, Arizona, approximately 20 miles 
south of Tucson. It is connected by a 
a-mile railroad spur to the main line of 
the Southern Pacific Railroad between 
Tucson and Nogales. The capacity of the 
plant is 500 tons per day. 

The mill is conventional except perhaps 
in the rather wide variety of ores treated. 


- These vary from straight copper ores, 
- from which only one concentrate is pro- 


- 


duced, and lead-zinc or copper-zinc ores 
from which two concentrates are pro- 
duced, to complex gold-silver-copper-lead- 
zinc ores, which require the simultaneous 


production of three or four concentrates. 


1946. Issued as TP 2193 in 


Custom ores are received in lots varying 
in size from a few truckloads to several 
carloads. Similar ores, after crushing and 
sampling, may be commingled, or in- 
dividual lots may be milled individually. 
The ores are first dumped either into 
one of two 200-ton railroad bins, or into 
one of the two 75-ton truck bins. From 
these bins the lot of ore is individually 
crushed in a 24 by 16-in. jaw crusher to 
3-in. size, and then to 14-in. size in a 


_ 3-ft Symons shorthead crusher. 


After crushing to }4-in., the ore is 
conveyed to the automatic sampling 
plant. This consists of three Vezin samplers 
in series, each successively cutting out 


Manuscript received at the office of the 
Institute Nov. 12, 1946. Presented at the 
Arizona Section Meeting, Tuscon, Oct. 28-30, 
Mininc TECH- 
NoLoeGy, July 1947. ae 

* Chief Metallurgist, Bagle-Picher Mining 
and Smelting Co., Joplin, Missouri. ‘ 

+ Mill Superintendent, Sahuarita Mill, 
Sahuarita, Arizona. 


10 pet, 10 pet and 5 pct of its feed. After 
No. 1 sampler, the material passes through 
a mixing barrel and is then crushed to 
14-in. in a set of rolls before passing to 
No. 2 sampler. Between No. 2 and No. 3 
samplers, the ore is again mixed in a 
mixing barrel. The final sample, con- 
sisting of one pound per ton of ore, is 
taken to the laboratory, where it is further 
crushed to 1é-in. in a coffeemill, and then 
riffled down to the size required for grinding 
in a pulverizer. The capacity of the 
crushing and sampling plant is up to 
roo tons per hour, depending upon the 
character of the ore. 

After sampling, the ore is stored in 
five ore-storage bins, consisting of four 
200-ton bins and one 175-ton bin. Each 
of these bins is discharged by means of 
belt feeders and conveyor to the ball 
mills, so that ores may be composited 
for milling in any required ratio, or milled 
separately by themselves. 

Fine grinding is done in one 6 by 4-ft 
Allis-Chalmers ball mill and one 8-ft by 
36-in. Hardinge mill. These two mills 
both discharge to one 54-in. Akins Simplex 
Highweir classifier. The classifier sands 
can be returned to either or both mills, 
so that flexibility in grinding for different 
ores is easily obtained. 

Flotation equipment consists of four 
66-in. Fagergren machines for copper-lead 
roughing and six similar machines for 
zinc roughing. Lead-copper bulk con- 
centrate is cleaned and recleaned in eight 
No. 18-S Denver machines, and zinc con- 
centrate is cleaned in three 66-in. Fager- 
grens. Copper-lead differential separation 


289 


290 


takes place in six 18-S Denvers. Pyrite 
recovery, when required, is obtained from 
the zinc rougher tailings by treatment in 
18-S Denver machines. Conditioning equip- 
ment is provided between the flotation 
circuits. 
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A SHORT-CUT METHOD OF METALLURGICAL ACCOUNTING 


Sim 


accounting procedure has been simplified | 
by use of-slotted sheets (Figs 1 and 2), 
which solve the three-product or four- 
product algebraic formulas as given in 
Taggart’s Handbook of Ore Dressing. 


For example, when it is required to 
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Fic 1—THREE-PRODUCT FORMULA, RATIOS OF CONCENTRATION. 


All concentrates are thickened and 
filtered in American filters, from which 
they are conveyed to storage. They are 
then conveyed directly from storage into 
railroad box cars. 


ACCOUNTING 


Metallurgical accounting when only one 
or two concentrates are produced from 
one ore is relatively simple. It becomes 
increasingly involved when two or three 
concentrates are made simultaneously 
from commingled ores. At Sahuarita, the 


know the tonnage of lead and of zinc con- 
centrates produced from a given tonnage 
of ore of a given assay, the three-product 
formula sheet is used. In the appropriate 
slots are inserted the lead and zinc assays 
of the heads, lead concentrates, zinc 
concentrates, and tails. Simple cross mul- 


| 
4 
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tiplication, subtraction, and division, as — 


indicated, give the final results in tons of 
concentrates produced from the individ- 
ual lot of ore. 


When lead, zinc, and copper concen- — 


trates are simultaneously produced, the 
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four-product formula sheet is similarly used. 
The figures representing tonnage of con- 
centrates produced from the individual 
lots are cumulated throughout the month 
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to Reretmaine total monthly production. At 
the end of each month the concentrate 
bins are cleaned and a check is obtained on 
actual mill recoveries. Discrepancies, which 
are always small, are then allocated back 
to the individual lots of ore. 
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These sheets can be used by any com- 
petent office accountant without metal- 
lurgical knowledge, and it is estimated that 
many hours of work are saved each month 
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RATIOS OF CONCENTRATION. 
by their use. Comparison of the use of 
these slotted sheets with the solutions 
of the formulas from which they are 
constructed indicates the simplification 


obtained. 


Crushing Practice at the Braden Copper Company 


By E. R. Jounson* 


(New York Meeting, March 1947) 


THE copper concentrator of the Braden 
Copper Co. is at Sewell, Chile, on the west- 
ern flank of the main Cordillera of the 
Andes, at an air distance of approximately 
50 miles southeast of Santiago, the capital 
of Chile. The region is mountainous and 
space is at a premium because of the rough 
terrain and the danger of snowslides. 

The ore, a porphyry copper, is mined by 
a block-caving method in the El Teniente 
mine. It is hauled to the crushing plant, 
a distance of 2.6 miles, through a tunnel 
because of the severe climatic conditions. 
The usual large, coarsely set, primary re- 
duction machines found in many ore-treat- 
ing plants are not required because of the 
mining method employed and the limiting 
12-in. spacing of the grizzlies at the head 
of each ore pass in the mine. 

It is the purpose of this paper to describe 
the numerous improvements made in the 
crushing section of this large flotation con- 
centrator during the past 15 years to in- 
crease the efficiency of the plant and to 
raise the daily output from around 20,000 
to 30,000 tons. The reader should keep in 
mind that all changes were made within 
the existing building because of the limited 
space and the high cost of the heavy mill 
construction required to withstand the 
snow loads. The present plant, as well as 
the former, operates on a 24-hr, 7 days a 
week basis. 


Manuscript received at the office of the 
Institute Dec. 18, 1946. Issued as TP: 2150 in 
MininG TECHNOLOGY, March 1947. 

*Plains, Montana, 
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FORMER PLANT 
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The crushing plant commenced opera-_ 
tions at its present site in 1921, the main _ 
equipment being No. 714 gyratories, fol- 


lowed by 48-in. horizontal Symons disk 


crushers. Fines were removed by 1-in. sta- 
tionary grizzlies ahead of each unit. In 1924 


a third stage of crushing was provided by 
the addition of 5514-in. rolls in open circuit. 


During 1925, the Symons disks were re-— 


placed by 7314-in. rolls. All the rolls were 


changed to closed circuit, with elevators — 


and screens to give a final product of 9 pct — 


plus 3-mesh. 


The flowsheet of a typical crushing sec-_ 


tion of this period is shown in Fig 1. The 
ore was withdrawn from a common bin 
serving the five crushing sections in the 
plant by means of any number up to six © 
36-in. wide-apron feeders, which discharged 


onto a common conveyor belt. This con- | 


veyor was equipped with a magnetic 
head pulley and the crusher attendant was 
stationed near the discharge end to pick 
out pieces of mine timber that might be in 
the ore. 

The ore was discharged over a 134-in. 
spaced bar grizzly and the oversize of this 
grizzly was crushed by a No. 74 McCully 
gyratory crusher set at 134-in. opening on 
the closed side. The grizzly undersize 
joined the gyratory discharge and was 
conveyed to a set of 7344 by 20-in. Garfield 
rolls set at 1 in. These rolls operated ‘in 
closed circuit with a bucket elevator and 
two vibrating screens placed in parallel. 
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The aperture of these screens was 14 in. 


The screen oversize was returned to the 
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rolls and the undersize was conveyed to 
four vibrating screens operating in parallel 
and equipped with 0.338-in. square-opening 
screen cloth. The oversize of each pair of 
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needed in the crushing plant to keep up 
with the general plant expansion. 


PRESENT PLANT 


The replacement of the No. 744 McCully 
crushers by 7-ft. Symons standard cone 
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Fic 1—FLOWSHEET IN 1924. 


Coarse ore bin, 12,500 tons capacity. 
crusher. 


One 36-in. wide conveyor. 


. One set 73%4- by 20-in. Garfield type rolls. 
. One 30-in. bucket elevator. 
. One 36-in. wide conveyor. 


. Two 30-in. bucket elevators in parallel. 
14. 
screens was fed by gravity to a set of 5544 
by 20-in. Garfield rolls. The discharge of 
each set of rolls was returned to the vibrat- 
ing screens above by means of individual 
bucket elevators. These finishing rolls were 
set at 34, in. between shells. 

Each section of this arrangement was 
capable of producing about 4000 tons per 
24 hr of 9 pct plus 3-mesh material. Delays 
were numerous and greater capacity was 
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. 36-in. wide apron feeders, six per primary cr 
48-in. wide wood picking conveyor equippe 


usher. 
d with magnetic head pulley, one per primary 


. Tapered bar grizzly, 1 34-in. opening, one per primary crusher. 
. One No. 744-in. McCully gyratory crusher. 


. Two 4 by 5-ft Hummer vibrating screens in parallel. 


. Four 4 by 5-ft Hummer vibrating screens in parallel. 
. Two sets 5514- by 20-in. Garfield type rolls in parallel. 


48-in. belt conveyor collecting finished products from all sections. 


crushers initiated in 1929 eliminated the 
intermediate stage of crushing and by sim- 
ple alterations of the chutes and conveyors, 
the intermediate stage equipment was used 
for making a finished product. The flow of 
ore was as follows: 

Ore was withdrawn from the bin as pre- 
viously and discharged over a tapered bar 
grizzly having a 34-in. top opening and:a 
114 in. bottom opening. The oversize fell 
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by gravity into the Symons standard cone 
crusher and the undersize joined the cone 
crusher discharge. The primary crusher 
discharge was split by a mechanical splitter 


an ; 
eoN 


oF 


CRUSHING PRACTICE AT THE BRADEN COPPER COMPANY 


5 t——___ 4 _— 


G==—=D 


1G 


NS 


- NC 
I |Coln as : 


Fic 2—SECOND FLOWSHEET. 


. Coarse ore bin, 12,500 tons capacity. 
crusher. 


set per primary crusher. 


. 36-in. wide collecting conveyor. 
. Mechanical splitter. 
. One 30-in. bucket elevator. 
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each in tandem. 


. One 36-in. wide belt conveyor. 
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screens each in tandem. 
. One 7-ft. Symons short-head cone crusher. 
. Two 30-in. bucket elevators in parallel. 
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between the set of 7314 by 20-in. rolls and 
the two sets of 5534 by 20-in. rolls. All the 
rolls were then arranged to operate in 
parallel, closed circuits with individual sets 
of screens and bucket elevators. Although 
this change increased the section rate by ap- 
proximately 2300 tons per day, making each 
section of this arrangement capable of crush- 
ing 6300 tons per 24 hr, the full value of the 


. One set of 7314 by 20-in. Garfield type rolls. 


. 36-in. wide apron feeders, six per primary crusher. . i 
. 48-in. wide wood picking conveyor equipped with magnetic head pulley, one per primary ~ 


. Tapered bar grizzly, 34-in. top opening, 1}4-in. bottom opening, one per primary crusher. 
Two 3-ft 10-in. by s5-ft Utah type electromagnetic vibrating screens placed in tandem, one 


. One 7-ft Symons standard cone coarse bow] crusher. 


. Eight 3-ft 1o-in. by 5-ft Utah electromagnetic vibrating screens placed in four sets of two 


. 48-in. belt conveyor collecting finished products from all sections. 


products and this led to the installation of 


i 
section was never obtained because of insuf- 
ficient screening capacity in the roll circuits. 


At this time a study was made of the 
screening of the various crusher feeds and 


. Four 3-ft 1o-in. by 5-ft Utah type electromagnetic vibrating screens placed in two sets of two © 


toe 


two screens in tandem to screen a finished — 


product out of the primary grizzly under- 
size, as shown in Figs 2 and 3. These 


screens removed natural fines from the ore — 


amounting to approximately 15 pct of the 
total plant feed and increased the capacity 
of each section by an additional 700 tons 
per 24 hours. 
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Tests were also run using additional 
screens having the same aperture in the 
finishing roll circuits. The conclusion 
arrived at from these tests was that. al- 
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one of the sections to operate in parallel 
with two sets of 5534 by 20 in. rolls, to 
give a much needed increase in plant 
capacity. The short-head crusher was 


Fic 3—THIRD FLOWSHEET. 
1. Coarse ore bin, 12,500 tons capacity. 
2. 36-in. wide apron feeders, six per primary crusher. 


3. 48-in. wide wood picking conveyor equippe 


crusher. 


. Tapered bar grizzly, 34-in. top opening, 14 


d with a magnetic head pulley, one per primary 


_in. bottom opening, one per primary crusher. 


. Two 3-ft 1o-in by 5-ft Utah type electromagnetic vibrating screens placed in tandem, one set 


per primary crusher. 


. 36-in. wide collecting conveyor. 


4 

5 

6. Three 7-ft Symons standard cone coarse bowl crushers, two in operation and one spare. 
i 

8 


. 48-in. wide collecting conveyor. 
g. 60-in. wide elevating conveyor. 


. 60-in. wide conveyor equipped with traveling tripper car. 


11. Surge bin, 1600 tons capacity, serving four secondary crushers. 
12. 36-in. wide belt feeders, eight per secondary crusher. 
13. 3 by 6-ft Utah type electromagnetic vibrating screens, seven in operation and one spare per 


secondary crusher. 


14. 36-in. wide conveyor feeding each short-head crusher. 


15. Four 7-ft Symons short-head cone crushers. 


16. 60-in. conveyor collecting discharge from short-head crusher. 
17. Two 36-in. conveyors collecting undersize of surge-bin screens. 
18. 48-in. belt conveyor collecting finished products from all sections. 


though the section tonnage increased, it 
increased at the expense of a much larger 
percentage of material in the coarser sizes. 
It was decided to obtain the desired in- 
crease in plant capacity by other means. 
A 7-ft Symons short-head cone crusher 
was purchased in 1937 and installed in 


arranged to operate in closed circuit by 
means of two 30-in. bucket elevators and a 
sufficient number of vibrating screens. 
It received its share of the combined 
primary screen oversize and standard 
cone crusher discharge by the means of a 
mechanical divider. 
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Comparisons were made at the time 
between the rolls and the short head, which 
resulted in favor of the latter. Now, 
after nearly nine years of operation of 
several more short-head crushers, the 
results are still very much in their favor. 
All the short-head crushers use ‘‘short” 
type mantles and liners instead of the 
“long” type commonly used in open- 
circuit work. It is not practical to quote 
actual operating costs, which have risen 
considerably owing to the high cost of 
material and increased labor charges during 
the war years, but an idea of the economy 
effected by the short head can be obtained 
by comparing the steel consumptions of 
the two types of crushers. The rolls con- 
sumed 0.066 lb per ton crushed as com- 
pared to 0.034 lb per ton for the short head. 
Total power charged to the crushing 
operation has increased from 2.201 to 
2.251 kw per ton but 0.127 kw per ton 
are now being used to operate the dust- 
collecting systems. 

Distribution of power is shown in 
Table r. 


TABLE 1—Distribution of Power 
KW-HR PER 


OPERATION Ton CRUSHED 


Primary crushing only si... 0.05 as 0.5574 
Primary crushing auxiliary equipment 

(feeders, conveyors, etc.).......... 0.071 
Secondary crushing only............ 1.048 


Secondary crushing auxiliary equip- 
ment (feeders, screens, conveyors, 


A 1c) aati me Teale ere ee 0.441 
Dust COUBRCTOLE Te surg weit x) estou eite ts 0.127 
Conveyors carrying crushing-plant 

product to wet mill i... 0% 2.0 ak ween 0.0074 

MBOUAL sary utopias Sore oF caste ei 'gce Om ruuers 2.251 


a This figure is low because the decline-conveyor 
motors work as generators and throw power back into 
the system. 


Several additional 7-ft units were in- 
stalled in 1938; each short head replacing 
two sets of 5514-in. rolls. The flow of the 
ore through one of these sections is shown 
in Fig 2. Ore is withdrawn from the bin 
and crushed by the existing equipment of 
the primary crushing stage. The discharge 
of the primary crusher is split mechanically 
between the short-head circuit and the 
734-in. rol) circuit. In the roll circuit, 
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the new feed enters the elevator boot along 5 
with the roll discharge and is elevated | 
to the four vibrating screens above the: 
roll. In this manner some of the fines} 
produced in the primary crushing stage: 
are removed before entering the roll. 
The short head receives its feed directly - 
from the primary crushing stage, no at-. 
tempt being made to remove the fines 
produced by the primary crusher. The ore, 
after being crushed in the short head, is 
elevated by two bucket elevators to four 
sets of two screens each in tandem. The 
oversize of these screens is returned by 
gravity to the short head and the undersize 
falls to the conveyor collecting the finished 
products of all the sections. : 
In the present plant there are two sec- 
tions having this arrangement and each 
section is capable of handling 7ooo tons 
per 24 hr running time. The section is 
flexible and easy to operate, but there 
are many delays such as those caused by 
the patching of screens, cleaning elevator 
buckets, chutes, and grizzlies that greatly 
reduce the tonnage output. ’ 
In 1940 a plan was approved for install- 
ing a surge bin to separate the primary 
and secondary crushing stages, thereby 
eliminating many of the delays that lower 
the output of the existing sections. For 
several reasons the erection of this bin 
was delayed until near the end of 1943, 
when the first part of the bin was placed 
in operation. As shown in Fig 3, the stand- 
ard cone Symons receive feed from the’ 
oversize of the primary grizzlies. The 
primary screen oversize joins the primary 
crusher discharge, which is collected by a_ 
common conveyor belt serving the three 
crushers. Only two of the three primary — 
crushers are required and the third is 
held as a spare. The primary crushem 
discharge and primary screen oversize 
join the secondary or short-head crusher 
discharge and are elevated by belt con- 
veyors to the top of the surge bin where 
the ore is delivered “as required by a 
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traveling tripper car, which automatically 
opens and closes the dust covers on top 
of the bin. Each of the four short-head 
erushers of the secondary stage of crushing 
receives feed from eight belt feeders 
‘located under the bin. Normally only 
seven of the eight feeders are used, allowing 
the remaining feeder and screen to be 
repaired. Each of the feeders delivers 
feed to an electromagnetic vibrating 
screen equipped with 0.328-in. square 
- opening screen cloth. The oversize of 
these screens is conveyed to a short- 
head crusher and the undersize is col- 
lected by a belt conveyor as a finished 
- product. The short-head crusher discharge 
is returned to the surge bin by means of 
- 60-in. wide belt conveyors. Another short- 
head crusher, which has not yet been con- 
nected into the surge-bin circuit, receives 
feed from the primary crushers feeding 
the surge bin. This short head is operated 
in closed circuit with bucket elevators and 
— screens as in Fig 2. 

The surge-bin section is compact, clean, 
and easy to operate because of its flexi- 
bility and the convenient location of the 
controls. The principal advantages gained 
by this installation are increased tonnages 
due to a 10 pct increase in running time, 
and the full loading of the secondary 
crushers. 

Typical screen analyses of the various 
_ feeds and products of the installation 
are given in Table 2. 


CONVEYORS 


Numerous belt conveyors are used in 
the crushing plant proper and for the 
transfer of the crusher product to the 
wet-grinding sections of the concentrator. 
These belts vary in width from 36 in. 
wide traveling at relatively slow speeds 
to belts 60 in. wide traveling at 615 ft 
per minute. Most of the belts have vul- 
‘canized splices, and minor repairs are 
made with a small, portable vulcanizing 
unit. Much attention has been paid to 
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maintain the conveyors in good condition. 
This has paid dividends as one of the 
48-in. conveyor belts, 280 ft between 
centers, and operating at a minus 17° 
angle has transported more than 60,000,- 
ooo tons of the crushing-plant product. 
This belt will be removed from this service 
in the near future and used on other con- 
veyors that are not so vital to the plant 
output. 


TABLE 2—Typical Screen Analyses of Feeds 
and Products of Surge-bin Installation 


: Com- 
psc Pri- |Second- bined | Second- 
Origi-| mary ary Teen! 
Size nal |Crusher|Crusher ee Gael 
Feed| Dis- | Dis- Succe Fee eo 
charge | charge | pin 
Inch 
On 5.94 6.6 
4.20 ees 
2ATG 14.6 
1.485 3.0 0.4 PAC) 
1.050 2020); Leas sh 3 3.8 
0.742 Le | Act 8.8 7.5 
0.525 I9.2| 19.3 TSS Nh Leon 24.0 
O.371 
Mesh 
On 3 9.0) “2562 44.9 | 40.7 52.9 
4 4.0 4.7 E2.2 | be.2 Pe | 
6 2.8 2.3 5.8 er] T.5 
Through 6 t7.4 8.4 nee jeerp nee acee Teo: 
Primary Surge-bin ° 
Size Screen Screen a t 
Undersize | Undersize BoE 
Mesh 
On, FS 4.3 2.8 Sy 
4 £1..5 20.4 18.6 
6 13.0 19.1 17.8 
8 9.3 T2053 i hy 
10 8.2 8.2 8.2 
I4 7.4 6.6 6.8 
20 Be 4.5 7 | 
28 4.5 oie ions 
35 3.9 225 2.8 
48 3.0 2:0 Pho 
65 2.3 eae | r.8 
100 2.5 eS i7 
Through 100 24.3 I5.1 I7.0 
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ELECTRICAL SYSTEM 


An elaborate electrical interlock system, 
which requires surprisingly little main- 
tenance, is used whereby ‘“‘choke-ups” 
are practically eliminated. The system is 
so arranged that if any conveyor stops 
all conveyors and feeders preceding it 
automatically stop also, but the elevators 
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and crushers still operate. The crushers 
are also protected by electrically operated 
thermometers, and oil-pressure switches 
connected to klaxons to notify the operator 
in case of trouble. 


AUXILIARY EQUIPMENT 


The plant is well equipped with over- 
head traveling cranes that serve all crush- 
ing equipment and also the repair bays at 
the end of each crusher floor. A 15-ton 
incline hoist serves to transfer material 
from one floor to another. Among the 
auxiliary equipment in use in the plant 
there is an electrical induction heater for 
heating the 73%4-in. roll shells before 
they are shrunk on the cores, and there 
are vulcanizers for making endless trans- 
mission, conveyor, and feeder belts. 

In 1937 the first two large dust-collecting 
units were installed to remove dust from 
the entire plant. Much difficulty was 
experienced with the first units in keeping 
the collecting pipes clean. In 1943, at 


the same time the surge-bin section of the 
plant was erected, provisions were made 
for the new, large dust-collecting systems 
designed by the local engineering depart- 
ment. These systems have successfully 
lowered the dust count well below the 
permissible limit. The installation has 
four fans totaling 143,000 cfm at 7.8 in. 
water gauge. Each is connected to a spray 
tank that serves one group of ducts. 
The spray tanks discharge to the ball-mill 
circuit. In addition to the dust-collecting 
system, three large semiportable cleaners 
and one stationary vacuum cleaner are 
used to remove dust accumulation. 
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Rod Milling—Plant and Laboratory Data 


By J. F. Mvyers,* S. D. MICHAELSONt AND F. C. Bonp,{ MEMBERS AIME 
(New York Meeting, March 1947) 


Turis work was undertaken with the 


object of collecting plant data on rod 


milling, making laboratory tests on repre- 
sentative samples of the various ores, 
and arriving at a basis for comparing 


the relative efficiencies of different mills 


_ operating on widely different materials 


and under varying conditions. 
_ efficiencies 


These 
consider only power con- 
sumption and do not include the other 
elements of operating costs. The over-all 
economic efficiency may be quite different 
from the consumption efficiencies with 


which this paper is concerned. It is hoped 
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that these collected data will be of value 
in indicating the most favorable con- 
ditions of rod-mill operation. 
Operating-plant data on 14 different 
installations from 11 plants throughout the 
United States and Canada were collected, 
and laboratory tests were made on samples 
of these ores. The plant rod mills were 
all operated wet, and either in open circuit 
or with circulating loads so small as to be 
negligible. 
Data were obtained on one roll-crushing 
operation at the Utah Copper Co., for 
comparison. The rolls were operated 
wet in closed circuit with ro-mesh vibrating 
screens, and with a high circulating load 
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averaging about 600 pct. This particular 
roll operation can be considered as a 
model of efficiency. 

The collected plant data are necessarily 
incomplete in some instances. 

Each ore was assigned a code number, 
and the name and location corresponding 
to the code number are listed in Table 1 
when permitted. 


TABLE 1—Plant Code Numbers 


SS Ee ee 


Cay Company Plant Location 

A-1 | Tennessee Copper Co. | Copper Hill, Tenn. 
London Mines 

A-2 | Tennessee Copper Co. | Copper Hill, Tenn. 
London Mines 

B-1 | Tennessee Copper Co. | Copper Hill, Tenn. 
Isabella Mine 

C-1 

C-2 

D-1 | Waite-Amulet Mines Noranda, Quebec 
nc. 

F-1 | National Lead Co. Tahawus, N.Y. 

G-1 | T.V.A. Fontana Dam Knoxville, Tenn. 

I-39 | Reserve Mining Co. | Babbitt, Minn. 

I-45 | Reserve Mining Co. | Babbitt, Minn. 

J-1 | St. Joseph Lead Co. | Emeryville, N.Y. 
Balmat 

K-r1 | Jones & Laughlin Co. Star Lake, N.Y. 
Benson Mine 

L-1 | Kerr-Addison Com- Virginiatown, Ont. 
pany 

U Utah Copper Co. Arthur, Utah 


pall ee eS SS ee 


The power data in every instance 
refer to motor input. Net power was 
reported by the operator for samples I-39 
and I-45, and this was increased by 20 pct 
to compensate for motor losses and power 
factor. ; 

The plant rod-mill data are listed in 
Tables 2 and 3. In Table 2 the speeds are 
calculated on the basis of partly worn 
rod-mill liners 2 in. thick. Where D 
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equals the mill diameter inside the liners 
in feet, the optimum rod-mill speed is 
calculated from formula r: 


Optimum speed, rpm 
= 0.80(57 — 4o log D) [1] 


in which it is assumed that the optimum 
rod-mill speed is 80 pct of the optimum 
ball-mill speed. The optimum per cent 
is the percentage ratio of actual speed 
to calculated optimum speed. This formula 
was derived to agree with the average 
recommended speeds for a large number 
of different diameters in different installa- 
tions. 

The critical speed is calculated from 
the formula 


76.63/\/D [2] 


The actual operating speeds conform 
more closely to the optimum speed 
formula than to a constant percentage of 
critical speed. ‘The peripheral speeds 
in feet per minute inside the liners, and 
the percentage of the average peripheral 
speed, are listed. 


Critical speed, rpm = 


CALCULATIONS OF SURFACE AREA 


The screen analyses of the plant feed 
and products are evaluated in Table 3. 
The surface areas are calculated according 
to the Bond,? Tyler,* and Coghill4 methods. 

In the Bond method the weight per cent 
passing is plotted against the screen open- 
ings in microns on log-log paper, and a 
straight line is drawn corresponding to 
the plotted line. The intercept K of this 
straight line in microns at 100 pct passing, 
and the slope of m of the line, are used 
to calculate the surface area of all particles 
larger than o.7 micron according to the 
following equation: 

r| 37 [3] 


reams 


where S is the surface area in square 
meters per 100 cc of solid. 


S= 


2 References are at the end of the paper. 
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Equation 3 has been plotted so that 
the surface areas can be found directly 
from K and m without calculation. L 
equals 0.7. 

In the Coghill method .the surface 
area is calculated by multiplying the 
weight per cent retained on any one sieve 
in the Tyler standard screen scale and 
passing the next larger sieve, by the 
reciprocal of the screen opening in inches. 
The percentage passing 200-mesh is con- 
sidered to be all retained on the next 
finer size of 270-mesh. The total surface 
area is the sum of these products, repre- 
senting 100 pct of the sample, in Coghill 
surface units. This quantity multiplied 
by tons of ore is usually designated as 
Coghill surface-tons. The surface units 
are arbitrary, and express only relative 
values for comparative surfaces. In cal- 
culating the reciprocals a 1.050-in. opening 
testing sieve is considered to be 1.000 unit; 
a 34-in. screen, 1.414 units; a 14-in. screen, 
2.00 units; and so on, increasing by +/2 
for each successively smaller screen size. 


The Tyler method is similar to the 
Coghill except that the actual average 


linear opening of the retaining screen 
and that of the next larger screen passed 
is used. The reciprocal value of material 
passing one inch and retained on 34 in. is 


a) 
3 
7. 


1.114, and the finer sizes increase in the 
4/2 ratio. The reciprocal value of material - 
passing 150-mesh and retained on 200-mesh > 


is 285.714. The percentage passing 200- 
mesh is assigned the value of 454.545. 
Units are expressed as in the Coghill 
method. 


The Tyler method gives slightly lower — 


values than the Coghill method. It is 
obvious that the bulk of the minus 200- 
mesh surface area is largely ignored in 
both methods, since it is assumed to be 


all plus 270-mesh in the Coghill method, — 


and all 
in the Tyler method. The actual work 
done in grinding particles finer than these 
sizes is an unavoidably large part of the 


plus approximately 325-mesh > 
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total work input to the mill, even though 
the production of these fine particles may 
not be desired. 

Since the surface area per unit volume 
equals 6/diameter, the Tyler surface area 
in square meters per 100 cc of solid equals 
6454 multiplied by Tyler surface tons, 
since 25.4 mm equals one inch. 

The surface area in square meters 
per too cc of solid according to the Coghill 
method equals Coghill surface tons mul- 
tiplied by 454 X ~/2. 

The total Coghill surface is slightly more 
than the Tyler in spite of the larger 
average particle size assumed for the 
minus 200-mesh portion. 

The new surface area is found by 
difference, and the square meters of new 
surface per kilowatt-hour and the joules 
input required to produce one square 
meter of new surface are calculated for 
Bond surfaces. In all three methods the 
surface areas are calculated for spherical 
particles. 


RELATIVE GRINDING EFFICIENCIES 


At the bottom of Table 3 are listed 
the kilowatt-hours required per net ton 
of minus 14-mesh and per net ton of 
minus 48-mesh produced in the plant mills. 
Since the grind in some instances was 
about minus 20-mesh the power required 
per net ton of minus 48-mesh probably 
is more representative than that of the 
minus 14-mesh. 

In Table 4 the laboratory rod-mill 
grindability tests® are tabulated. The 
screen analysis of the laboratory rod-mill 
feed and products, and the Bond, Coghill, 
and Tyler surface areas, are listed as in 
Table 3. The 14-mesh grindability, or 
net grams of minus 14-mesh (1190 microns) 
produced per revolution of the rod mill, 
is tabulated, together with the gross 


grams per revolution. The gross or total 


grams per revolution is necessary to 
calculate the new surface area produced. 
The joules per square meter of surface 


for each ore was computed on the assump- 
tion that one revolution of the laboratory 
rod mill is equivalent to 83.5 joules of 
net energy going into the ore sample. 
It has been previously determined that 
one revolution of the standard laboratory 
ball mill represents an-energy of 52.3 
joules of useful work done on the ore.? 
The value of 83.5 joules per revolution 
of the rod mill was obtained by averaging 
and comparing ball-mill and rod-mill grind- 
ability results on a number of different ores. 

In Table 5 the relative grinding eff- 
ciencies of the various ores are calculated 
on the basis of “product screen size” 
production, rather than on the basis of 
surface areas. The product size passed by 
80 pct of the plant rod-mill products was 
selected as the basis of comparison, and 
this size in-microns is listed in the first 
line of the table. The size in microns 
passed by 80 pct of the rod-mill feed 
is listed in the second line; and the reduc- 
tion ratio at the size passed by 80 pct is 
listed in the third line. The percentage 
passing the product size in the plant 
rod-mill feed is listed in the fourth line 
The kilowatt-hours per ton used by the 
plant mill divided by the percentage of 
product-size material in the mill discharge, 
minus the percentage of product-size 
material in the mill feed, equals the 
kilowatt-hours per net ton of product- 
size material made. This is listed in the 
fifth line of Table 5s. 

In the sixth line the equivalent rod-mill 
grindabilities for each ore at the product 
size of the plant grind are listed. This 
was obtained by plotting the standard 
grindability at 14-mesh on the log-log 
screen-analysis plot and extending this 
line parallel to the plotted percentage 
passing line of the ground product. It is 
known from numerous tests that the 
plotted grindabilities have approximately 
the same slopes as the plotted percentage 
passing lines of the corresponding ground 
products. 
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TABLE 5—Plant Size Production Efficiency 
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The relative grinding efficiency is listed 
in the seventh line of Table 5. This is 


equal to 100 multiplied by the reciprocal of 


the product of the kilowatt-hours per net 
ton of product size (line 5) and the grind- 
ability at product size (line 6). This 
appears to be the most practicable method 
of measuring the relative plant grinding 
efficiency on a screen-size basis of different 
mills grinding different ores to different 
sizes. 

The eighth line of Table 5 lists the 
calculated relative efficiencies of producing 
minus 100-mesh material. It is the recip- 
rocal of the product of kilowatt-hours per 
net ton of minus roo-mesh by the rod- 
mill grindability at minus 14-mesh. 

The plant grinding efficiencies -are 
compared in Table 6. In the first line 
the efficiency of the production of new 
surface area is listed on the basis of Bond 
surface. These values are obtained by 
dividing the joules per square meter, 
from the laboratory grindability test 
in Table 4, by the joules per square meter 
required in the plant, as listed in Table 3. 
The comparative efficiencies on the basis 
of equivalent Coghill surface are listed 
in the second line, and those on the 
basis of equivalent Tyler surfaces in the 
third line. 

The relative product-size efficiencies 
have. been recalculated for direct com- 
parison with the Bond surface area 
efficiencies. This was done by multiplying 
each relative product-size efficiency by 
the ratio of the average of all Bond surface- 
area efficiencies (Table 6, line 1) to the 
average of all the relative product-size 
efficiencies (Table 5, line 7). These are 
listed in the fourth line of Table 6. 

Comparison of the last line with the 
first line of Table 6 will indicate the 
difference in the efficiency of grinding 
on the basis of product screen size and 
that of grinding on the basis of producing 
new surface area. 
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OTHER TESTS 


Impact crushing tests* were made on 
-ores that contained plus 2-in. pieces 
in the sample; they are listed in Table 7. 
The impact value is the number of foot- 
pounds per inch of thickness between the 
impact hammers required to break a 
minus 3-in. plus 2-in. stone. The average 
of 10 pieces broken is listed in the first 
line and the maximum value, or hardest 
piece, in the second line. 

The average of the different ores is 
13.73 and the average of the maximum 
values is 20.20 ft-lb per inch. For com- 


3°7 


The reported plant rod wear in pounds 
per net ton of minus 48-mesh and of 
minus 200-mesh is listed in Table 8. 

Standard ball-mill grindability tests? 
were made on some of these ores as follows: 
at 48-mesh A-1, 8.33; B-1, 4.72; G-1, 
3.69; J-1, 5.58; and at 200-mesh K-1, 0.87. 

In Table 9 the various ores tested are 
listed in the order of decreasing product- 
size efficiency. Comparison with the 
various other quantities listed shows 
that-in most cases it is necessary to plot 
the values before any definite trends 
become apparent. 


TaBLE 9—Order of Decreasing Product-size Efficiency 


2 G . ae) Opti- 

P.S. Bond | Impact | 74 mesh | Lab. Mill Mill Speed Critical 

Code Pp Grind- Slope Dia., | Length, PEE Speed, ata 

Eff Eff. | Strength) spiity | ~ M Bt ht Rpm | De Speed, 

J-1 55-9 Al.r 22.4 0.865 614 12 17.0 54.3 84.2 
D-1 BANS 60.9 13.86 6.8 0.497 9 114 16.0 61.2 102.6 
U 53-8 66.2 12.58 II.9 0.503 
I-39 ere 7 56.2 18.81 8.9 0.674 5 6 35.0 74.5 110.6 
B-r 50.3 30.2 10.36 16.8 0.475 6 9 24.4 76.4 1X35 
F-1 50.1 50.4 24.30 12.2 0.512 616 12 22.0 e713 108.9 
1-47 39.8 44.8 18.81 8.9 0.674 3 6 35.0 Tih) 110.6 
L-1 39.8 61.8 8.8 0.427 8 I2 17.0 60.7 07.7 
C-r 87.5 36.3 14.7 0.425 9 I2 14.0 53.3 89.8 
C-2 36.8 36.2 14.7 0.425 9 12 14.0 eins} 89.8 
K-1 3002 27.9 9.84 28.5 I.07 914 I2 14.6 By 08.7 
A-3 35-4 19.6 6.43 ptr 0.605 6 12 23.9 74.5 TELeL 
A-I 27.19 201.7: 6.43 aie 0.605 6 12 23.9 74.5 Lita t 
G-t 27.9 45.5 27730 19.2 0.610 fe) 12 L505 59.4 99.4 
Ave. 42.69 42.69 t.073 16.9 0.598 64.9 I01r.6 

oe ee ee SS a ee 


parison, the plant rod-mill power con- 
sumption in kilowatt-hours per ton is listed 
in the third line and 100 + the rod-mill 
grindability at 14 mesh in the fourth line. 
The results of preliminary abrasion 
wear tests are listed in Table 8. In those 
tests soo grams of minus r4-mesh ore 
are placed in a cylindrical glass jar 3) in. 
inside diameter and 614 in. long, sand- 
blasted on the inside to prevent slippage, 
with three weighed black Bakelite plugs 
114 in. in diameter and 34 in. long, and 
rotated on a rolling table at 24 rpm for 
24 hr. The average milligrams weight 
loss of the Bakelite plugs is the abrasion 
index. Only a few abrasion wear tests 
have been made as yet, and data for 
interpretation of these results are lacking. 


The various quantities were plotted 
against each other, and the following 
trends were established from the plots: 


Product-size Efficiency: 
Increases as impact crushing strength 
increases. 
Increases as Bond surface production 
efficiency increases. 
Increases as minus 1oo-mesh production 
efficiency increases. 
Increases slightly as 
decreases. 

Increases slightly as product size in 
microns decreases. 

Is without trend as reduction ratio 
increases. 


mill diameter 
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Is without trend as percentage of critical 
speed increases. 

Is without trend as percentage of 
optimum speed increases. 

Is without trend as mill volume increases. 


Bond surface area production efficiency: 


Increases as impact crushing strength 
increases. 

Increases as product-size efficiency in- 
creases. 

Increases as minus 10oo-mesh production 
efficiency increases. 


Increases slightly as mill diameter 
increases. 

Increases slightly as peripheral speed 
decreases. 


Increases slightly as product size in 
microns increases. 

Increases slightly as reduction ratio 
decreases. 

Increases slightly as mill volume in- 
creases. 

Is without trend as percentage critical 
speed increases. 

Is without trend as percentage optimum 
speed increases. 


Minus 100-mesh efficiency: 
Is without trend as reduction ratio 
increases. 
Is without trend as product size in 
microns increases. 


Average impact strength: 


Increases as minus 14-mesh_ rod-mill 
grindability decreases. 

Increases as surface energy in joules 
per square meter increases. 


SUMMARY AND CONCLUSIONS 


Thirteen wet rod-milling and one roll- 
crushing operations, in which different 
ores were ground to different sizes under 
different conditions, were tested and 
tabulated. Laboratory rod-mill grindability 
tests were made on each ore, and the 
plant grinding efficiencies were calculated. 


ROD MILLING—PLANT AND LABORATORY DATA 


The plant grinding efficiencies were cal- — 


culated on the basis of electrical energy 
required: (1) per unit of new surface 
area produced in grinding, and (2) per 
net unit of product-size material produced. 
Product-size material is defined as material] 
smaller than the micron particle size 
passed by 80 pct of the mill product. The 
grinding efficiencies listed refer only to 


power consumption, and not to the total — 


cost of grinding. 

The operating data supplied were 
deficient in several instances, particularly 
in the weight of the rod charge used in 
the mills. The variations in the calculated 
results were large, as might be expected 
from comparisons between grinding widely 
different ores to different sizes under 
different conditions, so that results un- 
doubtedly would have been more con- 
clusive if a larger number of installations 
had been considered. 

However, definite indications were ob- 
tained from the plotted test results, which 
are summarized below: 

1. Rod mills are more efficient when 
grinding harder ores; that is, ores with 
high impact crushing strengths, low grind- 
abilities, and high surface energies. 

2. Installations that are more efficient 
in grinding to pass a certain mesh size 
(product size efficiency) are also gen- 
erally more efficient in producing new 
surface. However, this relationship is not 
exact; for instance, the Utah Copper 
Company’s crushing rolls were the most 
efficient producers of new surface of all 
the installations tested, but were third 
in the list in the production of mesh 
undersize. The efficiency of the production 
of minus 100-mesh undersize also generally 
follows that of surface area and product 
size. 

3. The effect of mill diameter on the 


ee 


efficiency is small, and is not definitely % 


shown by the tests. The indications are 


that an increase in the mill diameter . 


slightly decreases the product-size efficiency 


ay 
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and increases the surface-area efficiency, 
but these cannot be regarded as conclusive. 

4. Grinding to a finer size apparently 
slightly increases the product-size effi- 
ciency and decreases the surface-area pro- 
duction efficiency. However, these trends 
are also too small to be conclusive. 

5. An increase in the reduction ratio on 
the installations tested apparently does 
not affect the product-size efficiency and 
slightly decreases the surface-area pro- 
duction efficiency. 

6. The mill speed of the installations 
tested apparently does not affect either 
the product-size or surface-area production 
efficiency. 

7. An increase in the mill volume also 
apparently does not affect the product- 
size efficiency and the surface-area produc- 
tion efficiency. 

8. All these comparisons except No. 1 
could be made more exactly on different 
installations grinding the same ore. How- 
ever, these are not available in most 
instances. 

9. Variations in tonnage capacity at 
product size with mill diameter, volume, 
speed, and other factors could be of 
considerable interest. However, these com- 
parisons were not made because the 
size of the rod charge was not reported for 
seven of the mills listed, and the s1x 
reported values varied from 35 to 45 pct 
of the mill volume. 

Because of the large number of variables 
concerned, some of these indications may 
be obscured by other unconsidered factors 
or combinations of factors. 

Surface-area production efficiency is 
less affected by the mill-operating variables 
than the size production efficiency. This 


~ would be expected from Rittinger’s law. 


However, the size production efficiency 
is probably of more immediate concern 


to mill operators. 


The authors are indebted to the various 
mill operators for contributions of operat- 
ing data and test samples; also to the 


399 


several recognized authorities on grinding 
who have offered suggestions and con- 
structive criticism during the progress 
of this work. 

It is intended to extend this investigation 
as other data become available, and 
possibly to investigate the field of ball 
milling in a similar manner. 
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SUPPLEMENT 


J. F. Myers, S. D. Micwartson and F. C. 
Bonp—Some of the operators to whom we sent 
advance copies of the paper requested that we 
include a sample calculation for them to follow 
in figuring efficiencies at their own installations. 
Rather than delay publication of the original 
paper we decided to submit such an example 
as part of the written discussion. 

Determination of rod mill comparative effi- 
ciency requires data from a standard grindabil- 
ity test on each ore being investigated. The 
procedure for making this laboratory test is 
described by Fred C. Bond and Walter L. 
Maxson.® If the operator does not have the 
necessary equipment for running such a test, a 
250 lb sample cut from plant rod-mill feed 
would be of sufficient size for testing at one of 
the mining school or commercial laboratories. 

Screen analyses of plant rod mill and labora- 
tory test feeds and products should be made on 
calibrated Tyler testing sieves." 

The surface areas, by Bond,? Tyler,’ or Cog- 
hill4 methods, are computed from the corrected 
screen analyses. 

The calculation of Bond surface, according to 
the method described in the paper,’ can be 


1-5 See references above. 
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simplified considerably by the construction of a 
chart on which is plotted intercept K, dis- 
tribution line slope m, and surface area, each in 
proper relation to the other. Copies of this 
chart can be supplied by the writer to interested 
operators. 

With the above information, the power con- 
sumption of the large mill (preferably taken 
with an integrating wattmeter), and its tonnage 
rate, a calculation of comparative efficiency can 
be made. 

The new surface made in grinding is deter- 
mined from the computed surface areas, both 
in the plant mill and in the laboratory test. For 
example, if we take the case of Tennessee 
Copper Co., Isabella Mill, Plant Code No. Br, 
as given in the paper under discussion, we find 
from Tables 3 and 4: 


Plant Labora- 
Mill tory Test 
Bond surface, mill discharge...| 22.00 24 30 
Bond surface, mill feed........ 5.29 5.50 
New Bond surface made....| 16.71 18.80 


Convert the new Bond surface from square 
meters per 100 cc solid, as given above, to 
square meters per kilowatt hour by the follow- 
ing formula: 


9072 

specific gravity 

(tons per hour mill capacity) 
(kw reading for mill) 


(Bond surface) X 


x 


where Bond surface is given in square meters 
per roo cc solid, and 9072 is the number of 
grams per 2000 |b ton. 

For Tennessee Copper B-1, plant mill: 


Square meters per kw-hr = 16.71 X ie 
43.8 ee sq m 
128.3 71799 iy hr 


Since there are 3,600,000 joules per kilowatt- 
hour, the energy in terms of joules per square 
meter new surface will be: 


joules 
sq m 
(for plant rod mill) 


3,000,000 + I1,190 = 322 


Now convert the new Bond surface made in 


ROD MILLING-—-=PLANT AND LABORATORY DATA 


the laboratory grindability test from square 
meters per roo cc solid to joules per square 
meter, basing the calculation on an energy 
input of 83.5 joules per revolution of the labora- 
tory rod mill. The formula is: 


83.5 X 100 


indabilit 
(Bond surface) (gross as =o y) 
(specific gravity) 


where Bond surface is given in square meters 
per roo cc solid, and gross grindability is the 
rate of feeding the laboratory rod mill in terms 
of grams per revolution of the mill. It is also 
equal to net grindability divided by the percent 
/t00 of plus 14 mesh material in the laboratory 
rod-mill feed. 

For Tennessee Copper B1, the energy in 
terms of joules per square meter new surface in 
the laboratory rod mill is: 


8.35 X I00 
18.80 X ai2) 


(4.63) 
= 97.4 joules per square meter new surface 


The ratio of joules per square meter new 
surface (laboratory rod mill) to joules per 
square meter new surface (plant rod mill) times 
too equals the relative percentage of power 
efficiency of the plant rod mill For Tennessee 
Copper Br, this is: 

97-4 ne 
oT X 100 = 30.2 pct relative surface area 
(Bond) efficiency 


Similar calculations may be made using 
Tyler or Coghill surface figures. These figures 
are based on surface units per unit of weight, 
and consequently no conversion from a volu- 
metric to a weight basis is required. 

To determine relative efficiency of grinding 
through a definite size, rather than on the sur- 
face basis covered by the above calculation, a 
slightly different procedure must be followed. 
In this case, determine from the plotted screen 
analysis the micron size’at which 80 pct of the 
plant rod-mill product passes. Determine the 
percentage in the plant rod-mill feed passing 
this micron size, and subtract this percentage 
of the feed from 80 pct to obtain net production 
of the rod mill at this micron size, which we 
choose to designate as “product size,” or 
“P.S.” The kilowatt hours per ton utilized by 
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DISCUSSION 


the rod mill divided by the percent net product 
size made and multiplied by 100 equals kilo- 
watt-hour per net ton of product size. 

In the case of Tennessee Copper Br, these 
figures would be: 80 pct of the plant rod mill 
product passes 400 microns; 15.8 pct of the 
plant rod-mill feed is minus 400 microns. The 
plant rod mill actually produces 64.2 pct minus 
4oo microns. The plant rod mill uses 2.93 kw-hr 
per ton and 2.93 kw-hr per ton + 0.642 = 4.57 
kw-hr per net ton P.S. 

Next determine what the laboratory rod-mill 
grindability would be at the product size of 
400 microns by plotting on the 14 mesh or 1168 
micron ordinate (on the same sheet on which 
the screen analysis of laboratory rod-mill prod- 
uct is plotted) the 14 mesh net grindability. 
Draw a line through this point parallel to the 
percentage passing line of the plotted product, 
and where this new line intersects the 400 
micron ordinate read the abscissa value, which 
is the equivalent grindability at 400 microns or 
“product size.”’ For Tennessee Copper Br this 
is 10.1 g per revolution. 

One hundred divided by the product of this 
product size grindability and the kilowatt 
hours per net ton at product size equals “‘ Rela- 
tive P.S. Efficiency,” or efficiency of grinding 
through this mesh size. For Tennessee Copper 
Br, this would be: 


100 
(grindability at P.S.) (kw-hr/net ton P.S.) 


or 


100 


__ = = 2.16 Relative P.S. Efficiency 
(10.1) (4.57) 


Generally similar calculations may be de- 
veloped for determination of relative efficiency 
at any given mesh. 

To compare surface area efficiency with 
product size efficiency, multiply the latter 
figure by the ratio of the average of all surface 
area efficiencies to the average of all product 
size efficiencies. 

The averages of both these quantities will be 
equal, and in any installation the efficiency of 
grinding on the basis of surface area produced 
can be compared directly with the efficiency 
of grinding to pass product size. In the example 

“Br cited the mill is much more efficient (50.3 
pct) in grinding to pass 400 microns than it isin 
producing new surface (30.2 pet). 


DISCUSSION 
(C. H. Benedict presiding) 


HartowrE Harpince*—Mr. C. H. Benedict, 
in requesting me to discuss rod mills, has asked 
for a “large order.’’ The subject cannot be 
covered in a few words. The compilation of the 
data given here, and that which is being accu- 
mulated in addition, is of real value to the 
operator and those covering the subject of 
grinding, in general. I say, ‘“‘grinding in gen- 
eral,” as the rod mill is only one step in the 
process of comminution of materials. Unless 
we look at the picture as a whole, we lose sight 
of the benefits that can be derived from modi- 
fications of many of our preconceived notions, 
prejudices or actual experiences. 

Those of us who have been in the grinding 
game since the advent of the short ball mill as 
differentiated from open circuit grinding in a 
relatively long tube mill know that many 
changes have taken place. We have become 
influenced by certain results and have gone to 
extremes at times. When the rod mill was first 
introduced it was thought by some to be the 
panacea of all our troubles. Plants were in- 
stalled and very large ones, too, where the rod 
mill was even operated in series—primary rod 
mills, followed by regrind-rod mills. The results 
compared with the ball mill, particularly, in the 
regrinding circuit, showed the rod mill was in 
the wrong field. It got a “black eye” for a 
time; there were a few staunch advocates who 
stuck to the mill for use in certain fields and, 
thanks to them, it did not die. Today, with so 
much history behind us, the rod mill has been 
established as a very satisfactory grinding tool 
in what might be considered the midpoint of the 
grinding circuit. It is very definitely a com- 
petitor of rolls, it is encroaching on the field of 
the reduction crusher, particularly when han- 
dling highly abrasive or sticky ores, and is a 
direct competitor of the ball mill in the coarse 
grinding stage, with distinct advantages in its 
favor where this stage is to be run in open 
circuit. 

The rod mill even has a field in finer grinding 
in closed circuit with a classifier but the applica- 
tions are special. The rod mill seems to show up 
best in larger operations; that is, tonnages in 
excess of soo or 700 tons per day where there is 


* Hardinge Co., York, Pa. 
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opportunity to divide the grind into two or 
more stages; the rod mill taking the stage from 
about 34 in. to ro mesh, usually in open circuit. 


B. H. Irwin*—If large diameter rod mills 
are more efficient than small diameter mills, 
there are possible power savings to be had by 
using a large diameter rod mill instead of 
several smaller mills. 

Large diameter ball mills appear to be more 
efficient than small in the power required to 
produce material of a given mesh and much 
available data bears this out. However the data 
to substantiate such claims on rod mills has 
not been available. 

Fortunately the data in this paper permits a 
practical examination of this efficiency problem 
as concerns the 6 and g ft rod mills. 

If the kw-hr per net ton is calculated for the 
meshes 14, 20, 28, 35, 48, 65, 100, 150 and 200, 
for those mills 6, 614, 9 and 914 ft in diameter; 
and the respective grindabilities are taken from 
a plot described in the paper in the fifth para- 
graph of the section on Relative Grinding 
Efficiencies; the product of the power figures 
and their respective grindabilities gives the 
power requirement equivalent to unit grind- 
ability in kw-hr per net ton at unit grindability. 

The average of the kw-hr per net ton at unit 
grindability for the 6 and 614 ft mills and the 
9 and 9}% ft mills for each mesh is obtained. 
The ratio of the difference of the 6 ft average 
and the 9 ft average to the 9 ft average ex- 


* Allis—Chalmers Manufacturing Co., Mil 
waukee, Wisc. 
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pressed as a percentage gives the percentage 
power ratio of the g ft mill over the 6 ft mill 
for each mesh size. 

The product of the percentage power ratio 
and the average net percent produced (percent 
passing mesh size in product less that in feed) 
for each mesh gives the relative efficiency of the 
g ft over the 6 ft rod mill for each mesh. 

The average relative efficiency of a 9 ft rod 
mill over a 6 ft mill becomes 11 pct. The result- 
ing data is tabulated below. A plot of the mesh 
against relative efficiency will show the leveling 
off of the efficiency at 35 mesh and finer which 
is well recognized to be nearing the operating 
extreme of rod mills. 


Power Net Relative 

Mesh Ratio, Per Cent Efficiency, 

Per Cent Produced Per Cent 
14 61 59.5 36 
20 39 58.2 23 
28 17 54.8 9 
35 5 48.4 2 
48 4 41.0 2 
65 8 33-5 3 
100 26 26.2 7 
150 36 21 A 8 
200 47 16.7 8 
Average It 


To completely answer the efficiency problem 
as concerns a particular installation involves a 
study as above, other factors to be considered 
include liner shape and contour, charge segrega- 
tion, mill shape, electrical and mechanical 
efficiency. Several of these studies are well 
established, others are formidable and conclu- 
sive evidence will take some time to obtain. 
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Standard Grindability Tests Tabulated 


By Frep C. Bonp,* MremBer AIME 
(New York Meeting, March 1947) 


Many grindability tests have been 
made in the Allis-Chalmers laboratory 
since the tabulated results were last 
published.! The lists of standard ball-mill 
and standard rod-mill grindability tests 
are brought up to date in this paper, and 
considerable new material is added. This 
includes a tabulation of open-circuit 
grinding tests, with impact and compres- 
sion-crushing tests. 

The standard ball-mill grindability tests 
(Table 1) were made in a standard labora- 
tory ball mill, 12 by 12 in. inside, running 
at 70 rpm, with a charge of 285 iron 
balls ranging from 134 to 34 in. in diameter 
and weighing 20,125 grams. Seven hundred 
cubic centimeters of minus 6-mesh stage- 
crushed dry feed was used, and the 
circulating load was maintained constant 
at 250 pct by adjusting the number of 
mill revolutions for each grinding period. 
Tests were made at all mesh sizes from 
28 to 200, and the grindability is the 


- number of net grams of screen undersize 


produced per revolution. The table in- 
cludes 479 tests. It has been calculated 
that the ball mill does 52.3 joules of useful 
work on the ore per revolution? with 
93 joules input to the mill. 

The standard rod-mill grindability tests 
(Table 2) were made in a laboratory 


Manuscript received at the office of the 
Institute Dec. 7, 1946. Issued as TP 2180 in 
MINING TECHNOLOGY, July 1947. : 

* Technical Director, Basic Industries Re- 
search, Allis-Chalmers Manufacturing Co., Mil- 
waukee, Wisconsin. 

1 References are on next page. 
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tilting rod mill, 12 in. in diameter by 24 in. 
long inside, with a wave-type lining, 
running at 46 rpm. The grinding charge 
consisted of six 114-in. diameter and two 
134-in. diameter steel rods, all 21 in. long 
and weighing 33,380 grams. The mill 
was rotated level for eight revolutions, 
then tilted up 5° for one revolution, down 
5° for one revolution, and returned to 
level for eight revolutions. It was dis- 
charged by tilting downward at 45° for 
30 revolutions. 

Feed consisted of 1250 cc of minus }4-in. 
stone and the circulating load was main- 
tained constant at 100 pct by adjusting the 
revolutions for each 
grinding period. Tests were made at all 
mesh sizes from 3 to 65, and the rod-mill 
grindability is the number of net grams 
of screen undersize produced per revolu- 
tion. The table includes 105 tests. 

The impact and compression-crushing 
tests (Table 3) are given in a table that is 
an extension of a previous publication® 
in which the method of testing was de- 
scribed in detail. Two equal hammers 
weighing about 30 lb each were arranged 
to strike simultaneous blows on opposite 
sides of the test specimen. Broken pieces 
of rock passing a 3-in. square and retained 
on a 2-in. square were set up with the 
smallest dimension between the hammers, 
and this distance was measured. 

The height of the hammers was increased 
slightly before each blow until the specimen 
broke, and the foot-pounds per inch of 
thickness was calculated. Ten pieces 
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were broken of each ore tested, and both 
the average and maximum impact crushing 
strength in foot-pounds per inch are listed. 

The compressive strength in pounds 
per square inch was measured and is 
listed for many of the ores, determined 
by breaking approximately four one-inch 
cubes under slow compression. 

The list includes 106 impact tests. 

The open-circuit grindability tests (Table 
4) have not been published previously. 
They are concerned with open-circuit 
wet and dry grinding in two stages. In 
the first stage 25 lb dry weight of material 
crushed to minus 14-in. was placed in a 
to-in. ball mill of 1614-in. inside diameter, 
having a smooth lining and running at 
44 rpm, and ground with 60 lb of 2-in. 
iron balls. Water was added if the grinding 
was to be wet. At intervals of 250 revolu- 
tions the mill was stopped, a 250-gram 
sample was removed. This was screen- 
analyzed and returned to the mill after 
the next 
another sample was removed. This was 
continued until the charge contained 
95 pct or more passing 10-mesh, when 
the entire charge was removed and dried 
if necessary. 

In the second stage of the test 5 lb 
of the first mill product was placed in a 
Abbe Trojan porcelain jar mill with 
16 lb of %-in. diameter iron balls, running 
at 66 rpm. Water was added if the grind 
was to be wet. Samples weighing so grams 
were removed at intervals of 2500 revolu- 
tions, screen-analyzed, and returned to 
the mill when the next sample was removed. 
The grind was continued until 92 pct 
or more passed 200-mesh. 

The screen analysis of each stage was 
plotted separately on linear graph paper. 
The percentage passing each mesh size 
was plotted against the number of revolu- 


250-revolution period, when . 


STANDARD GRINDABILITY TESTS TABULATED 


tions. The grinding index for the first stage 
is the average of the number of revolutions 
required to grind from 25 to 95 pct passing 
1o-mesh and from 20 to 85 pct passing 
20-mesh. 

The grinding index for the second stage 
is the average of the number of revolutions 
required to grind from 60 to 99 pct passing 
roo-mesh and from 50 to 92 pct passing 
200-mesh. The table is plotted in the 
order of increasing values of the second- 
stage index number, or the order of 
increasing resistance to open-circuit fine 
grinding. Any closed-circuit standard ball- 
mill grindability tests at 200-mesh are 
included in the tabulation, as are impact 
and compression-crushing tests. 

The values of the second-stage index 
number vary widely, from the wet grinding 
of very soft portland cement mixtures 
and limestones to the dry grinding of 
hard cement clinkers. The limestones 
and portland cement mixtures included 
in the hard-grinding lower half of the 
table are the mixtures that coat the balls 
and mill lining, and so are extremely 
difficult to grind fine. 

These open-circuit grinding tests have 
been made for more than 30 years at the 
Allis-Chalmers laboratory, but the grinding 
indices have been calculated only for 
tests made within the last two or three 
years. Most of the materials tested in 
open-circuit are portland cement raw 


materials, clinker, or limestone. The 
table lists 49 materials. 
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TABLE 1—Siandard Ball-mill Grindability Tests 
— 200- Specific 
te eee 5 | meshin Gravity 
Ore Description by Location Undersize P soGs No. 
per Revo- Bee ne 
lution Cent hey True 
TESTS AT 28-MESH 
— 28M 
Gold ie ecwsis exe Bernheim S. Rhodesia oe * 
CiGk Amon Wright-Hargreaves Ontario : Piacee ae ae 2.68 ste 
Gravel’siccese + iss Pacific Coast Aggregates California 1.58* 25.2 I. ch ; 324 
eho) ele) aye ERO ichi 
Copp: .....--| Amygdaloid, C. R. Michigan 1.76* 31.0 1.87 |2.93 |1000 
Ol arcane ecsveiene yo Portland Colorado I.966* 27. 2 1.6 2.6 
GOVE irre eas Kerr-Addison Ontario 2. 203* 32.9 sige ca 
Goldie crsvcferaen Wha La Luz Nicarauga 2. 48* 30 ‘0 719 ee 
Coppers. > ss... New Cornelia Ajo, Ariz. 2.50* 30.4 1.63 2.68 | 684 
Old cies pee = Little rons Lac Ontario 2.726% 40. 2 1.69 2.64 570 
Gold ores... + Malartic Goldfields, Ltd. Halet, Quebec 2.86 Baer 1.74 . 1592 
? SON ce aoieveieets oe San Luis Mexico 2.905* 20. 5 1.67 ae 
: COPPELL saves oe oe Shale— White Pine Michigan 3.08* 33-3 1.7 2 1000 
i oie Benquet Consolidated G ae vlecas 
° Cae onsolidate old | Baguio, P. I. grea 31.4 1.69 |2.66 |} 550-B 
ines 
Cais aS Oee Aig oee Quincy Michigan 12* 2 
Gold nrerancieersn's = Rand-Springs Mine S. Africa a 22* ar8 aoe 2.71 oe 
eo" fs Pe eee Kerr-Addison Ontario 22808" G20 7 I. 83 : 799 
{ Miami Ore Miami, Ariz. 3.37" 26.9 1.64 |2.69 
Can. Silica Products Quebec 3.58 TE. 7 1.56 |2.65 | 398 
Castle Dome Ore Miami, Ariz. SOs ae eds 1.685 1042 
Utah Copper—Arthur Uta 2.00", i) 20-5 Lars 938 
Homestake S. Dakota 3.95* 35.5 TRO Le Seca 
Eagle Picher Tilinois 4.01 21.1 2.25 341 
Copperas: oa es Anaconda Copper Co. Asseontss 4.14 20.4 1.93 1477-A 
ont. 
Silversea. acre Hualgayoc Peru .2 25.2 2. 6 
Coppers ste si Sandstone—Vein Rock Michigan ag 403*t ae 7 Ts $3 2.68 oe 
Copper... 5.2.2.6 Anaconda Montana 4.44* 34.3 2.18 |3.23 | 910 
Quartz. ........ Pure Crystallized California Aosye 17.0 T,68. “2005 
Magnetite....... M. A. Hanna, Clifton New York 4.57T 14.8 2.76 1022 
TO tiertmreictoue visiere U. of Minn. Oglebay, Norton | Babbitt, Minn. 5.05 24.5 2.40 1167-A 
O. 
Cassiterite...... Vulcan Detinning New Jersey .0 2300 .60 8 
Gold. ........-. East Malartic Quebec as a 8 3; 87 |2.79 oe 
Syenite......... Can. Nepheline Syenite Ontario Se SET 16.7 T1603) 1227301 603 
Arsenic-gold..... Getchell Mines, Inc. Red House, 5.58 20.4 1.70 1241-A 
Nev. 
Magnetite...... Republic Steel, Chateaugay New York 6.265* 8.8 2.98 868 
ISOPDEL vessel Morenci ; Arizona 6.34*f | 24.8 Les j2e0SeOLs 
Copper. ties ic..2 Nevada Consolidated Copper eee a 6.44 32.6 1.83 1060-A 
0. urley, N. 
@opperss. c- - -> Sandstone— White Pine Michigan 8.63* 13.8 I.70  |2.635|1000 
Phosphate...... Charleston Min. Co. Tennessee 8.87T 14.3 1.86 333 
Gar sand. .%.... Garco Products Co. Ford City, Pa. 10.33 43-4 25 r181-A 
: Sullivan Min. Co. Idaho 15.33* Ss Ts to) 
; holy 3 38.9 93 74 
, Red Cross Min. Co. California 20.9 26.7 1.56 331 
4.83 20.3 
ee TESTS AT 35-MESH 
a : —35M. 
Cast iron....... Du Pont Delaware 0.062 8.6 3.12 Bos 
_ _-«~<Graphite........ Alcoa Tennessee 0.24 25-4 I.O1 037 
oa Gast iron....... Crucible Steel Pittsburgh 0.611 2.6 0.94 436 
: Conglomerate, C. & H. Michigan D.23t* |) 33.5 1.69 771 
.| Pac. Coast Aggregates California I.28* 28.2 Tes 324 
Amygdaloid, C. R. Michigan Fess) 30-5 1.87 |2.93 |1000 
Amyegdaloid, C. & H. Michigan 1.82* 30.3 Tons a7. 
Ottawa Silica Co. Ottawa, Illinois 1.88 7.8 2.65 |1727 
..| La Luz Nicaragua 2.08* 36.0 1.79 932 
.| Kerr-Addison Ontario 2.17* Whee) 1.83 799 
Tailings—Quincy Michigan 2.18* 28.9 1.98 1036 
New Cornelia Ajo, Ariz. 2.31* 34.7 1.63 |2.68 | 684 
Matartic Goldfields Co. Halet, Quebec 2.31 38.8 I.74 1592 
Little Long Lac Ontario 2.35% 32.6 I.69 |2.64 | 570 


« Dwight-Lloyd. 


+ Standard rod-mill tests made on this ore. 


* Standard ball-mill tests made at other mesh sizes. 
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TABLE 1—(Continued) 


oo a Specific 
200: 
Net meshin| Gravity 
Grams | 'Prod- 
Ore Description by Location Undersize eat No. 
pet bec Par Appears * 
ution Cait ent rue 
TESTS AT 35-MESH—(Continued) 
—35M. 
..| Benguet 1 2 Ie 2.38* 35.6 1.69 |2.66 | 550 
.| Rand-Springs Mine So. Africa 2.404*f| 27.7 1.78 |2.71 | 504 
.| San Luis Mexico 2.495* | 25.7 1.67 730 
Shale— White Pine Michigan 2.66* 38.2 I.79 |2.97 |1000 
Kerr-Addison Ontario 2.95* 37.6 1.81 799 
.| Bowring Morocco 2.97* 25.0 1.86 288 
Castle Dome Ore Miami, Ariz. 2.99* 29.5 1.68 1042 
Laiek sl eitesis +O Wing, Spain 3.03* 20.9 2332 2901 
Coppers. ccetaa.s.: Anaconda Montana eye by 29.3 2.18. '3.23 | oro 
Coppers icc ccc» Anaconda Copper Mining Co. muaconatt 3.42 24.4 1.93 1477-A 
ont. 
Copper an emer +: Utah Copper—Arthur Utah 3. OL*T)| 20-0 peo 938 
Arsenic-gold..... Getchell Mines, Inc. ae House, 3.50 38.2 -70 I241 
ev. 
ELON ahora eee ve of Minn. Oglebay Norton | Babbitt, Minn. 3.96 30.0 2.40 1167-A 
Co. 
Copper eiisiinette: Sandstone—Vein Rock Michigan 4.05*f | 28.8 1.83 |2.68 |1000 
Copper ic aciat as Nevada Consolidated Copper | Chino Mines, AGEL 30.7 1.83 1060 
Co. Hurley, N. M. 
Copper taccssins cue Morenci Arizona A.50*T | 27-5 1.57 -\2.63 | org 
Goppers, oac2nh Sandstone— White Pine Michigan 4.51* 20.4 I.70 |2.64 |1000 
POW ae oe Republic Steel, Chateaugay New York 4.70* 12.3 2.98 : 868 
Feldspar......¢.. Consolidated Feldspar Corp. | Erwin, Tenn. 4.90 12.3 1.68 T103- 
TONG os noe ee Alan Wood Steel, Croton New York 5.35* 16.2 2.18 931 
Clmkerss 25 oxen Cobrecite Michigan 7.10* 12.6 0.76 830 
Goldisenmes. stoke Mineral Mining Corp. Kershaw, S. 7.94 54.6 1.436 782- 
Carolina 
Roasted.........] Sullivan Mines Idaho 8.04* 40.8 1.93 740 
BA GE ie cists ovale ieteie = 3.16 27.83 
TESTS AT 48-MESH 
—48M. 
Grinding-wheel | Allegheny-Ludlum Corp. Waterville, 173 17.8 175 
chips INN 
Petri coke. .:.0- Alcoa Tennessee 0.304 26.9 0.97 |I 
Scrap emery..... Milwaukee Steel Wisconsin 0.408*t| 40.3 1.93 
TDC yh Peate.e) alate National Zinc Oklahoma 0.572 23.7 0.07 
Emery-sandstone| Milwaukee steel Co. & Cop-| Milwaukee, Wis. 779 39.8 1.88 
Ae Range C & Painesdale 
Emery-copper... stares Steel Co. & Phelps | Milwaukee & 780 40.2 98h 3 
rie jah Morenci, Ariz. 
reek ae py Prise Lade e Christy Illinois 0.86* 24.4 1.65 
Golda sie v0 axtion Bernheim S. Rhodesia 0.87* 42.7 ey | 
iniie ste ates Tri-State Flint Missouri 0.90* 29.4 1.54 
Ol GN etensasiandl evs Wright-Hargreaves Ontario 1.24* 44.0 T2570, 12. 
Copperas se seas Amyegdaloid, C. R. Michigan r537*t | 42.3 £87 3. 
OL Gis siete aatars Kelowna Expl. B. Columbia ME ha 47.5 2.09" |'3. 
Golding sek Coton Noranda Quebec 1.47* 44.9 r.85 (2. 
L (0) {: CRE meet ae Portland Colorado 1.64* 30.7 D.163- 2) 
Brick mix.......} Carnegie Steel Illinois 1.82 2405 1.54 
Little Long Lac Ontario 1.826* | 41.4 1.693 |2 
La Luz Nicaragua 1.855* | 41.0 1.79 
Tailings—Quincy Michigan I.950* | 35.7 1.98 
A. O. Smith Corp., R. M. Nevada 1.96 34.9 1.61 
Carnegie Steel Illinois 1.98 RAS 1.49 
Rand-Springs Mine S. Africa 1.985* | 35.9 Is78: 2 
Real Del Monte Pachuca 2.00* 46.1 1.63 
New ee Ajo, Ariz. 2.10* 40.0 Y.63 «(|2 
San Luis exico 2.123* | 27.7 1.67 
Sradueh Consolidated Gold | Baguio, P.I. 2.19 38.0 t.69 " |2 
ines 
Malartic Goldfields Co. Halet, Quebec 2.25 42.0 1.74 
.| San Fernando Mexico 2.28 34.6 1.64 ; 
.| Shale-White Pine Michigan 2.206* | 45.4 Es 70) Nae 
San Fernando Mexico 243% 35.8 1.56 
ee a a ee eel te ale ei 


* Standard ball-mill tests made at other mesh sizes. 
+ Standard rod-mill tests made on this ore. 


. 
- 
> 
‘ 


ee ee 


a. ee 


FRED C. BOND 317 


TABLE 1—(Continued) 


Net — 200- eee 
oe Grams | ™meshin ravity 
Ore Description by Location Undersize Prod- N 
per Revo- Ee A 2 
lution Gent eae True 
TESTS AT 48-MESH—(Continued) 
($70) (ce Rene Saramarca Peru ears 
Garnet. .-... seats. Ls Relder Georgia Ban Sete ates Beg 
Phosphate...... Al-Ke-Me Fertilizer Brazil 2.41* 32 9 I. 39 252 
WODDER: Fare 12 taeie''e Castle Dome Ore Miami, Ariz. 2.52* 36.1 1.68 1042 
Copper Miami Ore Miami, Ariz. 2.61 38.2 1.6 2.6 ; 
Lead-zine.......| Montecatini Italy 2.69* 31.4 ets aie 469 
Quartz Pure Crystallized California 2.72* BoE 1.68 |2.6 
Copper.jc< gan. Anaconda Montana 2.75% 34.4 2.18 Ae 910 
(Sree ls 3 aa ea re Homestake S. Dakota 2.95* 45. I I. 91 3. i 
(Ci Gs | ee eee Picacho Min. Co. Arizona 2.956* | 31.4 1.52 : 880 
GEBDPEL iaiees + os Sherritt Gordon Manitoba 2.97 ehige 1.86 
GODPET. a cite cs; Cons. Copper Co. Nevada 3.00 35.0 1.54 188 
Copper ore......| Anaconda Copper Mining Co. Anco nah sans 27.7 1.93 1477-A 
on 
CGPPErseics «snc.00 Sandstone— White Pine Michigan os5* 
Spodumene..... Solvay Process New York > a ae ie ioe rans 
ae Wopper. occ s.cnie- Sandstone—Vein Rock Michigan Bese hall 2807 1.83 |2.68 |1000 
ARGO cetee arnt cf <a)’. 0e Emsco Refractories Co. Lehi, Utah 3.20 22.0 1.67 1255-A 
Gopperss . esse = Utah Copper—Arthur Utah 2.23*t | 36.9 1.72 938 
Copper)... - Morenci. Arizona See h | ERs) 1.57 2.63 | 913 
listoys 45,5 QQ Rear ue Minn. Oglebay, Norton | Babbitt, Minn. 3.42 38.2 2.40 1167 
O. 
Nhiale masa © </=1+ 4, St. Lawrence Brick Quebec .50* Co) I 2 
Coppers in... Nevada Consolidated Copper ae a a a ee gong aye Roce 
0. urley, N. M 
Fontana rock....| T. V. A. Fontana Dam Knoxville,Tenn.| 3.6 32.1 2.65 |1750 
East Malartic Quebec 3.698* | 37.8 1.87 |2.80 | 779 
Silver Bell Arizona 3.74* B7iak 1.69 1050 
..| C. M. & R.—Golden Rose B. Columbia BY afi 40.5 2.10 864 
: NGOld costo cteie aeons S. A. Devel. Co. Ecuador 4.08* 38.7 2.67 |3.81 | 752 
: YON. ea ce 3 Sar Alan Wood Steel, Croton New Jersey 4.34* 21.6 2.18 931 
Isabella mill.....| Tennessee Copper Co. Coppernill, 4.72 34.6 4.63 |1750 
enn. 
2 (Copper. 2c. Tennessee Copper Tennessee .80* 0.2 2.08 26 
: Quartzite. .<...). Emsco Refractories Co. Lehi, Utah ae : I.54 es 
COPPETers, «s-0.0' ei Cons. Copper Co. Nevada 5.32 38.2 1.64 189 
Phosphate.....- Moinho Santista-Brazil Brazil 5.42 16.7 3.38 |1732-B 
\ Magnesium..... Basic Refr. Inc. Ohio 5.465* | 48.4 2.134 |2.927|1033 
Lead-zinc....... St. Joseph Lead Co. meuery ees 5.58 rss 2.10 |3.46 |1657 
i AMusinten! cons: > Aluminum Co. of Canada Quebec 5.70* 0.8 1080 
A Coappetnn si. act Bingham Canyon, U.S. M. Utah 5 a 2% ; 2 68 4.65 
i Tron.....seeeeee Inland Steel, B. R. F. Wisconsin 6.04* 30.2 2.1 837 
ANC aaa Re aks fhe Farrey Min. & Mill. Co. Iilinois 6.74 1.74 184 
: London mill..... Tennessee Copper Co. Cooper mal 8.33 28.6 4.52 |1750 
? Graphitese, «)--)-- C. A. Condon Alabama 9.26 2AgSs Neiess 287 
, Iron sinter...... Sloss-Sheffield Steel & Iron Co. aaa 10.46 Te 1.86 |c158-A 
. as 
: SPripoitiers nels = Western Minerals Kansas 12.33T 95.5 I.14 883 
. TESTS AT 65-MESH 


‘ol —65M. 

- Gast 1TOMe es. .r- 51 Miami Copper Arizona 0.044 29.3 3051 (OTe ests 

" Chromium metal | Electro Met. Co. New York 0.313*f] 10.9 3.91 1008 

;. ISMeLy snes eee Am. Emery Wheel Wrks. Rhode Island 0.4591 | 51.2 2.47 |3.89 | 410 
COppeteti ccc. = - Amygdaloid, C. R. Michigan I.180*}] 50.5 1.87. |2.93 |1000 
(Crna neta Renee Kelowna Expl. B. Columbia I.24* 54.4 2.09 |3.22 | 676 
(SCG wonoerrateene Little Long Lac Ontario r.49* 50.8 1.69 |2.64 | 570 
yi) eae ORO Real Del Monte Pachuca T.53% 45.6 1.63 881 
Golds... een lua) Lee Nicaragua he55* 50.6 1.79 932 
Goppers ..'- > eis Tailings—Quincy Michigan I.575* | 47.0 1.98 1036 
SOD DET si 0 0h e's. Britannia Min. & Sm. B. Columbia T.577 S005 Te7k 326 
(Sx0i ee aise ol A. O. Smith Wisconsin 1.583 54.2 1.60 587 
Goals ce cletions Illinois Zinc Illinois r.61 47.8 1.69 |2.80 | 376 


* Standard ball-mill tests made at other mesh sizes. 
+ Standard rod-mill tests made on this ore. 


3 18 STANDARD GRINDABILITY TESTS TABULATED 
TABLE 1—(Continued) : 
OO ‘ 
J — 200- Specific 7 
Grams |meshin] Gravity 
“ * d- 
Ore Description by Location Undersize a - No. : 
per Revo- ay | Appar-| pre 
lution res ent 
TESTS AT 65-MESH—(Continued) 
—65M. ‘ 
Copperyse sat a. Sandstone— White Pine Michigan I.623* | 42.2 I.70 |2.64 |1000 
Sea shells....... Calizos Chile | 1.637 43.8 L532 967 
Golda. ..| Rand-Springs Mine S. Africa L.717*® | 44.7 1.785 |2.71 | 504 
Gold Madsen Red Lake Ontario I.730* | 40.5 I.70 |2:/65 | 626 
CSO ss sine G. E. Smith Oregon 1.85 37.9 1.60 321 
Granite tes ors caret. Picacho Arizona 1.877 39.3 F253. (22640527 
Gold Set ace tt: Spring Hill Calif. 1.903 45.9 I.70 538 
Copper cen: rime Shale—White Pine Michigan 1.930* | 54.2 1.79 |2.97 |1000 
TRON silos pce'sye bye Bowring Morocco 1.94* 36.8 1.86 288 
Copper hts ore New Cornelia Ajo, Ariz. 2.022* | 45.0 1.63 |2.68 | 684 
COpDeR tices Castle Dome Miami, Ariz. 2.023* | 44.9 1.685 I042 
(ita liane eee heat iene ee Malartic Goldfields, Ltd. Halet, Quebec 2.04 <T.0 1 Aesor 8 1592 
COPPER cr cewine Chelan Copper Washington 2.07 44.5 1.64 328 ; 
Coppers sieves Cons. Copper Co. Nevada 2.10 43-7 278 
GOPHere necator es Cyprus Mines Cyprus 2.110* | 43.4 2.69 432 
CODPER cick cis Stadacona Rouyn Quebec : 25157 53.2 1.89 561 
Serpentine...... G. E. Baker Co. Pennsylvania 2.246 64.2 I.70 IO5I 7 
Phosphate....... Ipanema Plant Brazil 2.255* | 42.8 2.36 352 
ld ere wie ciekeloxe Picacho Min. Co. Arizona 2.26* 46.4 880 
OL orate ers Cline Lake Ontario 2.29* 54.7 1.78 745 
Manganese...... C. L. Walfred Minnesota 2.30* 50:7 “| 1.64 867 
Oldiccpriserciet s Santa Maria del Oro Mexico 2.31* ie Oe 2.08 |3.10 | 574 
Gold aah esac LaLuz Nicaragua 2.32* 44.7 1.79 932 
Tron wie ieeinetes Moose Mountain Ontario 2.33*t |°S3-9 2.44 |3-42 | 756 
Arsenic-gold..... Getchell Mines, Inc. nee House, 2.33 51.4 1.70 1241-A 
ev. 
(Exot Vs Ao certian The Merrill Company Bae Erstad, 2.34 36.9 1722 
alif. 
GCopperen trikeacme Sandstone, C. R. Michigan 2.34*t | 37-4 1.83 |2.68 |1000 
Lead-zinc....... Montecatini Italy 2.30* 42.6 239 4690 
Golde arses... Parcoy Peru 25303" | 35.3 2.26 567 
Gold... Minnesota Mines Colorado 2.420* | 43.0 1.85 |2.81 | 637 
Copper. .| Anaconda Montana 2.435* | 41.2 2.18 |3.23 | 910 
Copper.. Morenci Arizona 2.52*f | 44.9 Tss7 (2.63%) ors 
MODDER teen ie sks Anaconda Copper Co. facts 2.53 34.0 1.93 1477 
ont. 
Goldincredtes ce ieis Homestake S. Dakota 2.55* 53-7 Toor, (3.32 
LON eeeicieis sie ies vn Minn., Oglebay, Norton | Babbitt, Minn. 2.59 46.9 2.40 1167-A 
0. 
COL miter te ee Ipo Mine PL. 2.61* 37.2 1.68 329 
Coppers spate cite. Utah Copper—Arthur Utah 2.65*t | 46.6 I7ES 938 
AGL Glens alorrattte Fe ce A. O. Smith Wisconsin 2.675 55.0 1.60 587 
Copper. ¢ s's,.c008 < Nevada Consolidated Copper | Chino Mines, 2.68 41.2 1.83 1060-A 
Co. Hurley, N. M. 
Saf aferare'a ie sei ..-| M. D. P. d'Alsace France 2.685*}| 22.9 1.32 726 
TUNgsten . ..6. Nevada- Mass. Co. Nevada 2.60T 37.0 Teor 942 
Iron oxide sinter | Combustion Engineering Co. se hy an at 2279 30.5 2.15 r201-A 
enn. 
Copperinccuis cater Silver Bell Arizona 2.80* 46.0 1.68 1050 
POD ccteisiols e elaca Alan Wood Steef, Croton New Jersey 2.86* 31.2 2.18 931 
MATEZILG. sc'ca55 Ensco Refractories Co. Lehi, Utah 2.88 21.6 1.45 1178-A 
1a) Cole Sane GI S. A. Devel. Co. Ecuador 3.02* 50.8 2.67 13.81 | 752 
Limestone....... H. J. Kaiser Co. California 3.123 45.5 1.66 877 
2) (0 ge ee a ..| East Malartic Quebec 3.14* 58.1 1.87 |2.79 | 779 
Copper.........| Tennessee Copper Tennessee 3.29* 40.9 2.08 263 
Magnesite,......| N. W. Magnesite Co, Washington 3.370* | 38.6 3.09 1031 
Copper.... .| Cons. Copper Nevada Susi 46.0 1.64 276 
tHE ees ..| Monsanto Chem, Alabama 3.81* T2038 1.90 1045 
TPODEE ste s 2's ..| Alan Wood Steel New Jersey ATS 36.6 2.41 |3.40 | O14 
Fe-Si, 25-75.....| Electro-Met. Co. New York 4.17 33.9 1.04 1067 
Al sinter......%. Aluminum Co, of Canada Quebec ALasP Fl 3650) 0.83 1080 
Clay...5«%.-+..-| Hs. J Kaiser Co. California 4.235 32.7 1.36 877 
Magnesium..... Basic Magnesium Nevada 4.270* | 54.0 2.13 |2.93 |1033 
Fe-Mn alloy..... Champion Rivet Co. Ohio 4.523 35.0 4.63 442 
Iron ore sinter...| Sloss-Sheffield Steel & Iron Co.| Birmingham, 4.92 22.6 1.86 1158-A 
National Lead Co. Ala. 
Fluorspar....... Aluminum Ore Co, Illinois 5.700 35.0 1.88 |2.98 | 619 
(oj Mot rae Cobrecite Michigan 6.82 7.5 0.76 830° 
Pyrite s Ce ay clniate St. Joseph—Conc. New York hy | 3057. 2.99 847 
Baxiter icity ton Swann and Co. Alabama 51.2 23.3 1.08 738 
VE ees e er eeceee 3.42 41.6 


* Standard ball-mill tests made at other mesh sizes. 
+ Standard rod-mill tests made on this ore. 


FRED C. BOND 
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— 200- Specific 
- Pah ces meshin| Gravity 
re Description by Location Undersize Prod- No 
per Revo- ee % 
i er | Appar- 
lution Cent oe True 
TESTS AT 100-MESH 
Petr. coke.......| Alcoa Tenn Be 
ese aecee AD Bs ena Co. New tee ered oe Bei foes 
Gl. sae as ner as. Butters Nic “303* : : 
Flint "| ‘Tri-State Flint Misoisis aE eee ste am EE oe 
Goldie. .| Bernheim S. Rhodesia 0.79* Bove ioe or 
Cala lad it Eager Veraguas Mines Panama 0.832 1.8 aie 8 eee 
Copper...... ...| Conglom.—C. & H Michigan 0.8 é : : is mio a 
Abrasive.......- Monsanto Chem. Alabama O. B38 ee a : 526 
Fire clay........ Standard Fuel Michigan 0.964* ie. 8 I. ae ee - 
UG OL ire she) ipi aise" Wright-Hargreaves Ontario 0.98* ae I. ; 2.68 ie 
(Ctasoy o> dy ICICI Copper Range Co. Freda, Mich. mr) 61.0 ae : = 
675 Ge Sea Kelowna Expl. B. Columbia 1.01* 67. 5 2 i 2 "er6 
(6%) \ob-toeteugreo Goes Western Mach. Co. Calif. 1.040 : es oe u 
(655 Glew. SeveictetS aig Noranda Quebec 1.079 eis bee 2.86 ai 
oie) Na leew Apnea crore Little Long Lac Ontario I. 150* 67 3 I oF 2.6 
Golda aces oa ss Wright-Hargreaves Ontario I.1 5* 67 J 7 I. 4 2. 68 ae 
Copper......--- Amygdaloid—C. & H. Min. Michigan I.185* 66.1 1.745 ; : I 
.| Real Del Monte Pachuca 1.230* 56.5 1.63 bar 
Sandstone— White Pine Michigan 1,250* 55.6 1.70 2.64 |1000 
Portland Colorado 1.256 56 6 I (63 2. Cs 
Amer. Cyanamid New Jersey 1.288 62. 7 1.68 2.61 2 
Ford Motor Michigan 1.295* 46.8 3.48 ( ie : 
LaLuz Nicaragua 1.30* 63 : 4 if 79 a 
Rand-Springs Mine S. Africa 62. : as 
W. A. Liddell Texas ysee ee Peeee ta eguivega 
.| Minn. Mining & Mg. Co. Wausau, Wis. pe os te ae ate 
Standard Fuel Michigan 1.355* 52.4 1.23 835 
LS gee 1 ata : ; 36 61.8 1.39 252 
-41 
Tailings—Quincy Michigan Tes 413% ed Hy : Z of nae 
E. T. Merritt Ontario 1.46 55-8 1.64 301 
.| Ipanema Plant Brazil EeAyie 59.6 2.36 352 
Kanshanshi Congo I.49 62.9 tH: 32 316 
Cia. Min. Carlota Chile r5n* 72.0 1.88 |3.00 | 660 
..| Madsen Red Lake Ontario I.515* 53-4 1.70 |2.65 | 626 
.| Pure Crystallized Calif. F523; 53.0 1.68 |2.65 
Getchell Mine Nevada T7535: 59.3 1.45 714 
.| Tonopah Min. Nevada 1.54 690sS) le kew7 802 
Shale— White Pine Michigan 1.56* 70.6 1.79 |2.97 |1000 
New Cornelia Ajo, Ariz. ta57% 731 1.63 |2.68 | 684 
Santa Maria Del Oro Mexico 1575* PNSAE/ 2.08 |3.10 | 574 
Sandstone—Vein Rock Michigan Tes77 th) SO=7 1.83 {2.68 |1000 
Dahlonega Gold Georgia 1.58 51.9 1.67 250 
Maine Development Comm. | Augusta, Me. 1.60 L.4t 1679 
Sherritt Gordon Manitoba 1.64 57.0 1.85 206 
’ || Malartic Goldfields Ltd. Halet, Quebec T.07; 63.3 1.74 1592 
..| Am. Metals New Jersey 1.676* 50.0 1.74 808 
_| Gen. Manganese Co. S. Dakota 5 Bo 1.62 734 
Ziebright Mine Calif. 1.752 56.4 r.79 505 
.| Castle Dome Miami, Ariz. 1.783* 56.1 1.69 1042 
Cyprus Mines Cyprus 1.786* 60.3 2.69 432 
.| Tainton Products Bolivia 1.80 52 re 2.42 905 
F. Viles Montana 1.81 63.9 evi 564 
Copper......--- Miami Ore Miami, Ariz. 1.816* 52,2 1.64 |2.69 
Manganese.....- C. C. Walfred Minn. 1.83 60.0 1.69 807 
Saige phos- Anaconda Copper Mining Co. poe ence: 1.84 Bans 1.82 1226-A 
Copper.....-.-- Anaconda Copper Montana 1.85* ae} 2.18 v3 10 
Gold. Bees Prax viaisnes Rochester-Plymouth Nevada 1.860* ae I T8 a ; an 
z 3 Ss. 2n7s leo 
Getchell Mines, Inc. Bed House, 1.87 62.4 I.70 I241 
evada 
.| Morenci Arizona 1. 88*} 54.5 THOS [20 I 
Cline Lake Ontario 1.92* i $3 ie 38 : ae 
Homestake S. Dakota 1.964* 66.5 1.9L |3.12 
Silver Bell Arizona 1.98% 59.6 1.68 1050 
"| Atlantic Gulf & Pacific ile 2.01% 52.9 1.68 329 
Anaconda Copper Co. aro Men: 2.05 46.8 1.93 1477-A 
ont. 


* Standard ball-mill tests made at other mesh sizes. 
+ Standard rod-mill tests made on this ore. 
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—200- Specific 
Net mesh in Gravity 
Grams Prod! 
Ore Description by Location Undersize - No. 
per Revo- Per Appar- 
lution Gant He True 
TESTS AT 100-MESH—(Continued) 
—100M c 
Iron oxide....... wie 3 Minn., Oglebay, Norton | Babbitt, Minn. | 2.10 58.3 2.40 1167-A_ 
ECo: 
COPDeT vie cc an as’ Utah Cre ee Utah 2.9S*t 57-8 1.72 938 - 
SILT ee Seger an Monsanto Chem. Alabama 2.16* 31.6 1.90 1045 
Aci Rees Sa Sarre Pitts. Plate Glass Mexico 2.226* 55-5 2.92 1018 
Phosphate wiesite ee Int. Agric. Corp. Florida 2.260 47.3 1.50 394 ; 
Fe-Cr alloy .| Chromium Min. & Smelt. Ontario 2.27 47.8 3.97 143 ry 
ath fe. orale ..| Pitts. Plate Glass Mexico 2.335* 56.7 3.04 1018 . 
Nickel..... .| Falconbridge Ontario 2.405 59.3 2.29 |3:.65>|.37% 
Magnesite .| NW. Magnesite Co. Washington 2.410* 50.3 3.09 1031 y 
Goldiveguss scans 6 S. Amer. Dev. Co. Ecuador 2.44* 63.5 2.67) \3/ 82 4e752 i 
Fontana quartz- | T.V.A. Fontana Dam Knoxville,Tenn.| 2.47 58.5 1.83 1055-D } 
ite 
GOLA ests aye: este’ « E. Malartic Quebec 2.49* 68.0 1.87>° [2-80] 779 
ingen 8 Weromicdade Marquette Carbonate Wisconsin — 2.50 79.2 Cae & 342 ; 
GOLAN aereyeyre.e tone C. M. & S.—Golden Rose B, Columbia 2.52% 58.2 2.10 864 a 
Coppers cree ose Cons. Copper Nevada 2.50* 60.2 1.64 276 5 : 
TOL faclirdsra cic’ Bowring, N. Y. Morocco 2.66* 49.4 1.80 315 i 
MTOM hare eh sires. Iron River Falls Wisconsin 2.72* 58.7 2.39 1023 
Iron ore sinter. . ‘Leese eee Steel & Iron Benen: 2.75 39.9 1.86 1158-A 
O. a. 
Fe-Si, 25-75.....| Electro-Met. Co. New York 2.950* 47.2 1.94 1067 
COPPER oc sisieter's Bingham Canyon Utah 2.99 42.6 2.68 |4.65 , 
GORE Soe civics Butte-Highlands Montana 3.13" 58.3 1.67 861 
MERON crayee te toate eee 3 4 Minn. Oglebay, Norton | Babbitt, Minn. | 3.14 41.2 2.32 1167-B 
0. 
DALE are mel eledters Du Pont New York 3.48 44.8 1.39 939 
Magnesium. ....| Basic Refr. Inc. Ohio 4.125* 61.9 2.13 |2.93° |1033 
Slag Mee ayer. osete, Victor Chem. Wks. Tenn. 4.15 48.0 4.05 284 
Ferro-phosphorus| Monsanto Chemical Co. ye alae 29.1 54.6 4.25 1262-A 
enn. 
AN oclec: divin. oleate. 2.06 56.4 
TESTS AT I50-MESH 
—150M. 
Graphite... <<< Long Valley—Cons. New York 0.31* 40.8 0.906 860 
Coke te:.5 estar Bertelsen Co. Bridgeville, Pa. . 40 07.7 . 802 1505 
GODPeri ds ceee + Sandstone— White Pine Michigan 0.85* 84.1 I.70 |2.64 |1000 
GolGritrd eet te Kelowna Expl. B. Columbia 0. 86* 77.9 2.09 13°22.| 676 
Omarted isicocatest. Fused Quartz sand Illinois E02 63.5 1.48 854 
Flint granules...| Thetford Mines Quebec I.04 63.5 1.64 1604 
Gold Little Long Lac Ontario I.080* 82.6 570 
Rand Springs Mine S. Africa I,117* 76.7 1.78 504 
H. Winans Brazil TESS 76.8 1.63 474 
: ae Douglas Co. Cincinnati, Ohio} 1.20 24.5 TEST 1472 
..| Powell-Rouyn Quebec I.233* 790.5 1.78 949 
.| Sandstone— White Pine Michigan I.240* 73.5 1.78 1000 
Bong Mieu Indo-China Tist 75.7 2.00 |3.07 | 339 
Kerr-Addison Ontario I.32* 81.6 1.81 799 
Anaconda Montana 1.36* 752 2.18 |3.23 | 910 
Malartic Goldfields Ltd. Halet, Quebec 1.36 78.2 1.74 1592 
Minnesota Mines Colorado 1. 368* 77.6 1.85 |2.81 | 637 
Morenci Arizona T<3O5"T 7 70a 1/57 |2.63 jong 
Anaconda Copper Co. irre ee 1.40 75.0 1.93 1477 
ont. 
Castle Dome Miami, Ariz. I.396* 78.7 1.60 1042 
Minerals Separation of N. A. I.4I 75.7 Lis 1193-A 
Mines De Bor | Yugoslavia I.41* 84.5 I.91 2490 
Shale— White Pine Michigan I.430* 83.7 I.79 |2.97 |1000 
Can.-Malartic Min. Co. Quebec 1.445 78.5 1.84 586 
Parcoy Peru | I.495* 72.8 2.26 567 
AM, Mans Oglebay, Norton | Babbitt, Minn. | 1.52 79.2 2.40 1167-A 
olde terere az.a fates’ « Kerr-Addison Ontario 1.567* 79.3 1.83 7909 
INIGKGLE Foc. cles cles B. C. Nickel Mines B. Columbia 1.607 Cae 4 2.47 716 


* Standard ball-mill tests made at other mesh sizes. 
+ Standard rod-mill tests made on this ore. 
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Net — 200- Specific 
- ¥. Grams | meshin Gravity 
re Description by Location Undersize Prod- N 
per Revo- “Se ate ie 
lution Cent 3 True 
TESTS AT I150-MESH (Continued) 
Langbeinite..... Union Potash & Chem. New Mexico e poet 77.0 I 6 
OP DEES oo Sued 20s Utah Copper—Arthur Utah 1.62 *F, 77. I re ii pa 
COPPer....i sie s-r;0'> ee Consolidated Copper | Chino Mines, 1.65 76.2 1.83 roseek 
i U0. Hurley, N. M. : 
Trine 8 Weeaotionsa Pitts. Plate Glass ray 1.675* 74.6 2.92 rors 
ROR arsed < misu Moose Mountain Ontario 1.689*} | 81 i 5 2.44 2 6 
ar SS er ee age eerie arene 1.705 82. 9 I. 04 ; ae eee 
(0) (c Cen [. A. Smit uba 3 : , 
PPI faa nte «=e oe Pitts. Plate Glass Mexico 1 a8a% tog Ae ‘ors 
Zinc-lead........ Callahan Zinc-Lead Idaho 1.81 60. 4 2.23 601 
Limestone....... Lawrence Cement Co. Pennsylvania 1.870* 76. 2 I. 90 972 
POM ek os. Iron River Falls Wisconsin I.916* 77.3 2.39 102 
(Cio) fo ee ani Preston East Dome Ontario 2.01* 86.8 1.78 con 
iGo ee momen C. M. & S.—Golden Rose B. Columbia 2.03% 74.1 2.10 864 
ran ne < cactiacten-< Inland Steel Co. Wisconsin 2.00* 62.8 2.10 837 
Goldigeiae.... a slece « E. Malartic Quebec 2.134* 83. 5 1.87 |2,.80 7 
Gold nas. le. = Atienda Italy 2.84 84.4 ve 42 2.56 éi6 
Magnesium..... Basic Magnesium Nevada 2.855* 79.5 2. 13 2.93 1033 
Nickel.........- Nicaro Nickel Co. Cuba 3.48 73.8 1.13 i 8690 
peas Pek sPlig oss > Nicaro Nickel Co. Cuba 5.55 86.0 1.29 1075 
aon ans Gero 1.62 iets 
TESTS AT 200-MESH 
‘ — 200M 
Graphite. Sida 200 Long Valley—Conc. New York 0.23* 0.96 860 
Silicon carbide... Electro-Ref. New York 0.259 1.80 1047 
3 Ferro-silicon..... Basic ae Lab. (Allis-Chal- | Milwaukee, Wis.| -.263 3.98 1612-A 
: - mers) r 
4 BALLS aatete,s hens» © Tri-State Flint Missouri 0.491* 440 
Gobel sy 6 wii ores Bernheim S. Rhodesia 0. 56* L777 477 
aloes siscieiece eas Korite Corp. _. Wisconsin 0.59 I.59 677 
: Copper..-...-+. Granby Consolidated -59 I.70 1566 
Silicon carbide... Electro-Ref. New York 0.614 1.25 1047 
PP GANA I .1~ «--d> oi Titanium Corp. Arkansas 0.620 2.36 559 
Copper..-....-- Amygdaloid C. & H. Min. Michigan 0.627* 1.69 77L 
Magnesite....... Harbison- Walker Refractories | Indiana -65 3.36 |1768 
. Sp. Iron.......- Ford Motor Co. Michigan 0.664* 3.48 1035 
: : Mineralite Corp. Penna. 0.678 0.19 399 
m San Luis Mexico 0: 688* 1.67 730 
; Mabellite Corp. New York 0.719 ToT 419 
: Real Del Monte : Pachuca 0. 720* 1.63 881 
“s Sandstone— White Pine Michigan 0.733* I.20 |2.64 |1000 
% (Gray hole iy ieee oa Kelowna Expl. B. Columbia 0.758* 2.00 |3.27 | 676 
« Golden naseek =: Lake Shore Gold Mines Ltd. oleae Lake, 79 DeSt 1644 
. nt. 
a Copperas. «+ - Tailings—C&H Min. Michigan 0.759* 1.75 771 
(io sll ee Beno oce pages Ankerite Gold Mines | S. Porcupine, 677 1.83 1639 
oe td. nt. 
: (@railclistey pore ee Coos Wright-Hargreaves Ontario 0.771* 1.70 |2.68 | 406 
4 FOGA chsh eeareoee Cia. Minera Ciclon Chile 0.788 1.84 719 
a Clayeners.s oneal: Sun Oil Co. Pennsylvania 0.790 0.66 |1.09 | 641 
Cement clinker. .| Consolidated Cement Corp. eee City, +81 T67, 1617-B 
ich, 
Gold... e228 Carrizalillo Chile 0.816% in ype 808 
Apatite-phos- Bunge Corp. Moinho San- . 81 1.67 1555-B 
phate , tista, Brazil 
Magnetite.....- American Cyanamid Corp. Stanford, Conn. .82 3.06 IS51I 
Copper........-| Copper Range Co. eee . 842 Peale 1000-H 
ich. 
Minn. Mining & Mfg. Wausau, Wis. 858 En53 r217-A 
.| Noranda | Quebec 0. 83* 1.85 |2.86 
Rand-Springs Mine S. Africa 0.859* 1.78 |2.71 | 504 
..| Korite Corp. | Wisconsin 0.86 1.36 677 
_| Pure, crystallized California . 0.878 1.68 |2.65 
Du Pont Pennsylvania 0.890 2.73 251 


* Standard ball-mill tests made at other mesh sizes. 


+ Standard rod-mill tests made on this ore. 
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—200- Specific 
Ge fiesh: in| Gravity 
Ore Description by Location Undersize Pe a No. 
per Revo- Pe a Appar 
lution Gene te True 


— 200M. 
Cement rock....| Cementos Quadalajara Jalisco, Mexico . 892 I. 
70} Fs i a Se Little Long Lac Ontario 0.903* I. 
Gold. anne Francoeur Gold Mines Ltd. Arntfield, -9Or a 
Quebec 
aber e eiemere Krebs Pigment Maryland 0.92 2. 
rere clinker. .| N. A. Portland Cement Corp. | Security, Md. -924 x. 
Copperteunnec. New Cornelia Ore Ajo, Ariz. 0.942 I. 
Golder aaeee 8 cece Galigher Co. Utah ; 0.943 I. 
Cement raw mat | Cementos del Valle Cali, Colombia -95 1. 
Golan taeintets for ae Powell-Rouyn Quebec 0.960* x 
Golde sita28 sie Santa Maria del Oro Mexico : 0.981 a; 
Taconite tails. ..| Reserve Mining Co. Babbitt, Minn -98 2. 
Copper. ae aren, Montana 0.990* 2. 
Gold. . -| M. Sm Cuba 1.025 b 
Golditeterrrosje vation: Goldfields Ltd. Halet, Quebec 1.03 Pe, 
Gold Res oicd tienes Portland Colorado | 1.035 ry 
Copperas enios Castle Dome Miami, Ariz. 1.036* z. 
Cement rock....| Cia. de Cementos Portland | Colombia I.04 r: 
Diamante ‘ 
Sul veranbictacvesrsiers Cia. Min. Carlota Chile 1.042 Ts 
Goldi enka eeer Berens River Mines Manitoba 1.045 2 ie 
Fe-Si, 25-75..... Electro-Met. Corp. New York 1.075* 5 
Phosphate rock..| Am. Cyamid Co. Brewster, Fla. 1.07 T. 
hay ee cichs tars 5% lotere Vanadium Corp. Am. Pennsylvania 1.08 2. 
Ferro-silicon..... Giffels & Vallet Detroit, Mich. 1.075 rr 
Copper .to sna Morenci Arizona 1.085*f re 
Cement clinker. . wear Cement Co. Cal. _ 1.09 << 
Goldin eis e..S.008 Upper Can. Gold Mines Ontario 1.007 7. 
Manganese...... Gen. Manganese Corp. S. Dakota. 1.136 i 
ODDERS asc a vines Miami Ore Miami, Ariz. 1.139 t. 
Lead-zinc....... St. Teveok. Lead Co. Emerville, N. Y.} 1.14 2. 
Oldie saorertatgents Rochester-Plymouth Nevada 1.141* $s 
Limestone....... N, A. Cement Co. Security, Md. TITS ts 
Coppers’) .jac.eee.s Silver Bell rizona Rosa" 7 
SONG Webi inate Kerr-Addison Ontario I.153* ne 
Gold Ae sioie tee Baguio Gold Min. Pot, 1.160 Tt 
Copper) ares. or Anaconda Copper Co. sy pn: D575 1g. 
ont. 
TOS er ielatete oie ate bap Minn., Oglebay, Norton | Babbitt, Minn. | 1.17 by 
GOldined hares isis Kerr-Addison Ontario I.175* tre 
Quartz.. White Quartz—Sulphides California T.20 Te 
Taconite heads. .| Reserve Mining Co. Babbitt, Minn. | 1.20 bn 
Tin.. .| Prof. Gaudin—M.I. Ty. Cambridge, 1.21 2. 
Mass. 
Ola ache state. a.« Cline Lake Ontario I.225* Tx 
DOOM aisle.0 4. viejo Moose Mountain Ontario ¥.227* 2. 
Arsenic-gold.....| Getchell Mines, Inc. Red House, 1.23 rT; 
Nevada 
Cop pet i.cs.0 tress iss nip ORE PO Utah 1.23*t z 
Copper! oss... one onsolidated Copper | Chino Mines, 1.24 he 
: Hurley, N. M. 
Beldspar.... «1... Golding-Keene Co. Keene, N. H. 1.25 ¥. 
Limestone....... H. J. Kaiser Co. California 1.257% tk 
MBOLG  risrecsie aiets sie Homestake S. Dakota 1.26% rs 
GOPDEM ye 60.0 Cyprus Mines Corp. Cyprus 1.284* Pye 
Corallimestone..| E. P. Halliburton Serene Vene- | 1.20 Te 
zuela 
COpDET ges ie 9.615 Shale— White Pine Michigan 1.304* re 
ANGI oie sinister New Jersey Zinc—Conc. Penna. I.315 2. 
Taconite, ss... Reserve Mining Co. Babbitt, Minn. | 1.32 2. 
( (0) (ee Ree So. Amer. Dev. Co. Ecuador 1.323* a. 
Cement raw mat | H. W. AA—HSIN Cement Co. | Shanghai,China | 1.37 2. 
Cement 1aw mat | Mo. Portland Cement Co. St. Louis, Mo. 1.390 ru 
Lead-zinc....:.. Axerio- Monteponi Italy 1.306 2. 
Coppers ices ede Southwestern Eng. Co. les Fa ab TAL 4. 
alif. : 
GOI Fare wins, eiere C. M. & S. Co.—Golden Rose} Ontario 1.42* 2. 


TESTS AT 200-MESH—(Continued) 


* Standard ball-mill tests made at other mesh sizes. 


+ Standard rod-mill tests made on this ore. 
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¢ TABLE I—(Continued) 
Isrts elie 8S Se a ee ee 
— 200- Specific 
eons mesh in Gravity 
Ore Description by Location Undersize EOP No. 
per Revo- Pen A 
lution Cent ae True 
TEST AT 200-MESH—(Continued) 
F i — 200M 
VAG Oe ae en tod New Jersey Zinc Cor Penna. r.482 2.55 503 
, Clay coe -ore 82 ie H. J. Kaiser Co. California I.585* 1.36 877 
(10) (eS Aeon E. Malartic Quebec I.601* 1.87 |2.80 | 779 
Magnesite 
“ONEG”.....- Magnesium do Brazil Ltda. Rio de Janeiro 1.62 2.68 1698 
Limestone....... Calaveras Cement Co. Cal. 1.66 1.64 I590 
Limestone....... Lawrence Cement Pennsylvania 1.667* I.90 972 
Magnesium..... Basic Refr. Inc. Ohio 1.682* 2.13 |2.93 |1033 
Gold biseiuike cies Preston East Dome Ontario 1.69* 1.78 604 
Cement raw mat. | Universal Atlas Cement Co. pi Geenne non. TTY 1.84 1545 
a. 
Magnesite 
SOR Oe otis ions. Magnesium do Brazil Ltda. Rio de Janeiro 1.81 1.665 1698 
WOU Ais le ncne yates asus Butte Highlands Montana 1.81* 1.66 861 
Coppers ow. sae Bingham Canyon Utah ; 1.854 2.62 |4.65 
Copper: «..-. +. Mines De Bor . Yugoslavia I.94 vie 249 
Cement raw mat. | Cemento del Caribe Barranguilla, 1.94 2.1 1529 
Colombia 
Cement raw mat.| Mo. Portland Cement Co. St. Louis, Mo. 1.944 1.87 1345 
Manganese...... L. G. Aguilar & Co. Cuba . 1.944 TOT 1028 
Cement raw mat.| Mo. Portland Cement Co. St. Louis, Mo. 2.06 1.78 1656 
Cement raw mat. | Iraq Cement Co. Bagdad, Iraq Sate 1.69 1652 
Ferro phosphorus} Monsanto Chemical Co. eS aes 3.62 4.25 1262 
. enn. 
ead slag...’ «1 Arcade Sm. & Ref. Mass. 5.16 4.53 360 
yr eieattiss is] siec0 3 1.00 


* Standard ball-mill tests made at other mesh sizes. 
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TABLE 2—Standard Rod-mill Grindability Tests 


eS ee eee ee 


om 
—200- Specific a 
Net mesh in Gravity . | 
: Grams | prod- £ 
Ore Description by Location Undersize Ne eee a No. ? 
gg ri Per | Appar- True t 
Cent ent re 
, 
Tests AT MINUS 3-MESH ; 
—3 M. ¢ 
Gravelhiie nis tase Arizona Sand & Stone Co. Phoenix, Ariz. 7.26 7 2.65|1767 + 
Glinker a,.0h vce es Volunteer Cement Co. Tennessee 29.34* 2,82 .|-re79 82 ¥ 
Graniten. 4. 22." W. A. Burton Texas 31.6 2.76 | 1.60 | 2.65) 875 . | 
ag Be, eR ree 22.73 4-4 z 
TrEsTs at MINUS 4-MESH 4 
, =ae : 
Graviekis. warn ate Warner Co.—Van Sciver Pennsylvania 22.2 5.71 | 1.69 815 4 
DEON yetvee eter Charleston Iron Min. Minnesota 25.2 9.2 2.34 754 - 
Ghnker oar. Volunteer Cement Co. Tennessee 26.15* 2.67 492-79 828 
Bauxite......... Republic Min. & Mfg. Arkansas 37.0 I7.§0' | ‘DSF 1053 
AGvits arvana co tceua st ‘ 27.63 8.8 ; 
TEsTs aT MINUS 6-MESH a | 
—6 M. : 
Goldeeee sacs: fas Lake Shore Gold Mines Ltd. cece Lake, vie ee! 9.9 2.66 1644-B ; 
ntario 1 
Graveltnc.n te ves Material Service Corp. Illinois 23.2 8.55.] 2.60 765 ‘ 
Prromiaantaelsve ls te ots Warren Pipe & Foundiy New Jersey 49.5 5.72} 208 
@aleikerins 2.5 the cc New England Lime Mass. . 133.0 4202 | 2.27 
Dolomite........ New England Lime Connecticut 319.0 2391} 16055 
WE tiao she cleats 197 48 61 
Tests aT MINUs 8-MESH 
: —8M. 
Fused alumina...| Monsanto Chemical Co. St. Louis Mo, 7.37 10.3 2.66 
Gol@-sancunvrneds Lake Shore Gold Mines Ltd. | Kirkland Lake, 11.28 11.0 
: Ontario 
Silicon-carbide...| Exolon Co. New York 37.10* 1.92 | 1.60 3.27 
Phosphate... Federal Chem. Co. Tennessee 41. 50* | 24.36 | 1.80 
Coal Slaga. iiss H. B. Reed, Inc. Indiana 208.5 0.48 | 1.63 
A Sion Oigee 9.61 61.1 
Tests aT MINUS 10-MESH 
; —10 M. 
Limestone...... Crushed Rock Prod. Co. New York 1.63 9.25 | 1.67 
STIG Ko altel Bre gies Cohart Refr. Inc, Kentucky 2. 65* |) 16.73 |+2.82 
Salers awe mipeitte Minn. Mining & Mfg. Co. Wausau, Wis- 5.33 16.5 ay 
consin 
PROG Ge eat crite nes Lake Shore Gold Mine Ltd. Eysderscon Lake, 9.3 12.0 2.66 
ntarlo 
Tile scrap....... Trenton Pottery Co. Trenton, N. J. 9.68 $39} Te24 
Gold Keene see Malartic Goldfields Ltd. Halet, Quebec 9.7 18.9 1.74 
Olan aarpiar elas Kaiser Co. (Iron Steel Div.) | Fontana Calif. 9.72 16.5 a | 
Limestone....... Pitts. Limestone Corp. Pennsylvania 9.85 13.0 1.50 
Copper ore...... Cons. nitathe & Smelting Co. | Kimberley, B. 10.8 23.8 2.29 
of Canada Cc. 
GrAval i itas sais- ie Dravo Corp. Pennsylvania I1 64 12.98 | 1.64 
Limestone....... Franklin Limestone Co, Tennessee 12.65 PS-20) T.05 
Olinkeractnes ae ce Volunteer Cement Co. Tennessee 13.03* 7.78 | fe19 
GEMS iy ahha Sra sia Corning Glass Wks. New York 14.15 5.07 a) teen 
Copper sink conc.| Cons. Mining & Smelting Co. | Kimberley, B. 16.70 21.0 2.64 
of Canada C, 
Sod. silicate..... Du Pont Indiana 16.80 7.61 | 0.94 
Satis tic pans wah da Quinn Robbms Co. Inc. Boise, Idaho 19.13 Sx I.50 
Gravel sy iets ss Industrial Silica Corp. J gueantors 19.28 1.0 1.68 A 
io < 
Chrome.........| Tekirova Madenleri Co. Turkey 37.40 1I.94 |) 205 * 
ANI neta « inie¥a, se 12.74 II.9 
TEsts aT MINUS I4-MESH 
en a Se aa ES AT eee eee eS 
—14M. 
OLD a evans, ok Be a Ankerite Gold Mines Grenen 5.58 18.8 
nt. 
OGDDer sos aniaes Granby Consolidated 5.62 yas 
Trap rock.......| Great Notch Granules Co, Great Notch, 6.52 12.7 
ING wie 


* Rod-mill tests made at other mesh sizes. 
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TABLE 2—(Continued) 
r — 200- Specific 
ae mesh in Gravity 
Ore Description by Location Undersize Ene No. 
per Revo- Deg ms 
lution ent e True 
Tests aT MINuS 14-MESH— (Continued) 
a —14 M. 
| Salcet Sicp sce er. Waite-Amulet Mines Inc. ee al 6.83 18.3 3.35|1761 
uebec 
ee Gold... sue. Lake Shore Gold Mines Ltd. Ferries Lake, 7.36 T5s3 I.62 1644 
nt. 
SHES oe eto aero Maine Development Comm. | Augusta, Me. 7.50 16.5 I.4I 1679 
NRA tTIAl, alge eves jor» Eldorado Gold Mines Ontario 7.76 17.66 | 1.95 2.77|1063 
Blithe eet eie's “s.r <0 « Arketex Ceramic Corp. * Indiana 8.15 18.02 | 1.60 766 
HEE OL eee Riel tees els Kerr-Addison Mines Ltd. Virginiatown, 8.82 22.0 2.77|1765 
Ontario 
WEACONLEE: viejecs.a' Reserve Mining Co. Montreal, Wis. 8.01 16.7 3.42/1748 
Copper ore...... See Seeing & Mining Co. Haeeberkeys B. 9.66 I5.0 29 1692 
of Canada 4 
Limestone.......- Warner Co. Phila., Pa. 10.03 a3 1.690 1483 
Fluorspar....... Kinetic Chem. Inc. New Mexico II.15* | 14.6 1.97 763 
WOPPEMs. coco ainels Utah Copper Co. Arthur, Utah 11.88 24.2 2.70 1763 
Magnetite....... National Lead Tahawus, N. Y.| 12.21 10.2 4.46 1757 
Muscalcines\. ....<. Basic Dolomite Co. 13.50 I.62 583 
- CWOpPpere.s sects Kennecott Copper Co. Ray, Arizona DAL, 25.8 2.65 1752 
Meld spar wesc c s:0 Golding Keene Co. N. Hampshire T4.90* |} 13,85 | 11.78 784 
Limestone....... Limestone Product Corp. of | Newton, New 16.35 10.9 2.78 1700 
America Jersey 
Copper sink conc.| Cons. Smelting & Mining Co. | Kimberley, B. 16.40 24.1 2.64 1692 
of Canada : 
Fontana rock....| T.V.A. Fontana Dam Knoxville, Tenn.| 19.2 14.3 2.65 1750 
Nickel matte... .| Int. Nickel Co. W. Virginia 20.96 13.98 | 3.81 1009 
head-zine.... 2 St. Joseph Lead Co. Benceyve lee 22.4 12.7 2.32 1657 
Magnetite....... Jones-Laughlin Ore Co. Star Lake, N. Y.] 28.5 4.9 I.G9 3.23)1644 
WaMONA As fad cts sietisye = Jones-Laughlin Ore Co. Star Lake, N. Y.] 30.3 I1.9 I.99 1644-B 
Copper. ..¢..-.: Tennessee Copper Co. London Cope Br25 19.9 4.52|1750 
F 1 enn. 
j Pickands-Mather Co., S 
i Langbeinite..... Union Potash & Chem. New Mexico 40.90% 8.77 | 1.59 842 
rae Ea Sine ae Celotex Corp. Ohio 163.5 0.36 919 
| A ee econ 20.02 15.71 
Txsts AT MINUS 20-MESH 
: —20M. 
Graphite........ U.S. Graphite Co. Michigan 2.22 1.24 728 
[4th ae epee ee Cohart Ref. Co. Kentucky 2.57% | 20.61 | 2.22 8090 
ibgoyal, palo ogre ono Mozan Japan 4.20t | 20.19 | 2.41 3-42] 914 
Aduminairins «=. « Exolon Co. New York 5.19 10.84 | 2.65 1052 
i Silicon carbide... | Exolon Co. New York | 7.50 6.73 | 1.60 1052 
toe ees ae «5 Maine Development Comm. | Augusta, Maine 7.50 16.5 2.37 1679 
a Gravel. nies acs Industrial Silica Corp. Loe seetone 7.61 8.6 1.68 1204-A 
io 
Ohio Ferro-Alloys Ohio ‘ 8.40 21.82 | 1.99 933 
..| Walter C. Best Co. Chardon, Ohio 8.73 8s) tr. 73 1305 
.| Smith & Koelliker Ohio 9.26 E543. do4- 774 
Utah Copper—Arthur Utah | 9.90*f| 25.07 | 1.72 938 
Nat. Lead Co. Missouri T1.50* | 13.0 2.64 1017 
American Rutile Corp. Virginia : II.95 Su 75i ft Leet 971 
Golding Keene Co. N. Hampshire 13.34* | 16.30 | 1.78 784 
Me rae yticie Morenci Ore Arizona I4.98*}| 23.75 | 1.57 2.63) 913 
Neate caer s Cons. Feldspar Corp. Tennessee 16.36 14.45 | 1.52 934 
.| Rep. Steel—Harmony New York 18.60T 7.16 | 2.19 822 
Sea ae Porocel Corp. Arkansas 21.27 10.60 |) 1. 25 884 
eAoe oe Rep. Steel—Old Bed Mineville, N. Y. 25.9051 7.05 || 2.70 822 
Trontepsis cles Rep. Steel—New Bed Mineville, N.Y.| 28. 22T 705 \ean 7S 822 
Lime rejects.....| Louisville Cement Co. Milltown Ind. 38.1 2.42 75, 1090 
arice wie.. mcm ne Barium Min. Corp. W. Virginia SOs D507, Bard 1007 
Ferro-silicon.....| Southern Ferro Alloys Co. cheers) 62.8 6.4 2.106 1574 
enn. 
ANG cece wees eeee 17.20 14.5 


* Rod-mill tests made at other mesh sizes. 
+ Standard ball-mill tests made on this ore. 
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TABLE 2—(Continued) 
eR a ca Re en 


a 


—200- Specific 
Net meshin| Gravity 
3 We Grams Prod- ? 
Ore Description by Location Undersize et No. 
per Revo- pac Rooste 
lution Cent eae True 
¢ 
Tests AT MINUS 28-MESH 4 
—28 M. ; 
Cr! Metal’... icterat: Electro- Met. Co. New York 1:90¢ | 3.00 | 3.91 | 7.01/1008 ‘ 
Sod. silicate..... Diamond Alkali Co. Ohio ; 4.72 15.56 | 1.62 739 ‘ 
Best weave see Pitts. Plate Glass Co. Pennsylvania 4.97 10.47 | 1.49 2.60] 746 a 
Feldspar>.........2 Consolidated Feldspar Corp. | Erwin, Tenn. 7.39 15.8 1.65 1103-A ? 
Manganese...... Creevy Costa Rica 7.45 24.00 | 2.02 968 
Gypsum........ Diamond Crystal Salt 7 I 41.60 | 1.90 606 S 
Copper cae sue 2 Utah Copper—Arthur Utah . 7.93*h), 31.21.) fete 938 ‘ 
Sigal a iciicicis She Lead Co. Missouri re 0.165*, 17.12 | 2.64 1017 i 
MTOM Sed «we ake eo A. Hanna Co.—Clifton New York 9.30T | 15.00 | 2.76 1022 ; 
Copperds..2isess Mosenet Ore Arizona 11.98*f| 28.86 | 1.57 2.63] 913 H 
Ferrosilicon..... Pitts. Met. Co. New York 20.92* | 10.36 | 2.77 8390 ‘ 
Ve oe oe 8.50 | 19.3 
Tests aT MINUS 35-MESH é 
Pea gravel...... Am. Aggregates Corp. 3.70 29.8 1.68 1649 
PONS 2 Je, 5.0:4/6) <retare Mr. W. W. Christy Malvern, Ark. 4.24 24.8 1.65 1104 4 
Pumice ys: a os Barnsdall Tripoli Co. Missouri 4.52 58.4 0.64 749 4 
ZANC Wee esc New Jersey Zinc Co. N. Jersey Br93 26.0 2.39 930 >: 
Phosphate...... Federal Chem. Co. Tenn. 5.87 37.84 | 1.38 533 ! 
ODDEN daliaisenvieree Morenci Ore Arizona 6.45*T| 39.64 | 1.57 2.63] 913 : 
Coppers: .... shia. Utah Copper—Arthur Utah | 6.'62*}| 35-53 1 t.72 938 - 
ro) Ko Lae ieee ee Mineral Min. Cor S. Carolina | 7.007 | 54762 rt 43 782 t 
Foam slag....... Bethlehem Steel Corp. ores Point, 7.70 30.9 -74 1119-A 
Feldspar......:. Consolidated Feldspar Corp. | Erwin, Tenn. 8.33 22.5 1,60 II03 
Limestone....... Ene Products Corp. of | Newton, N. J. 8.70 21.6 1.04 1395 
TroOnh ecw rt dkers Rep. Steel—Old Bed New York 9.15*f| 18.79 | 2.70 822 
Limestone....... aaa Products Corp. of | Newton, N. J. 9.38 22.8 2.78 1700-B ; 
mer 7 
Leon ator as bs Rep. Steel— Harmony New York 9.43% | 17.58 | 2,20 822 
Potash ore...... Mines Domainales de Potasse | Mulhous, 10.1 22.1 2.15 1716 
D’ Alsace France 
Sylvanite...... 0. Union Potash & Chem. Co. New Mexico II.22* | 20.2t | 2.30 842 
Ferrosilicon..... Pitts. Met. Co. New York 13.68* | 24.26 | 2.68 830 
Bariteres wens United Pigment—Meggen N. Jersey 21.01 37.09 | 2.08 848 
att ety et: satan sip Crosset Chem. Co. rkansas 35.2 26.24 | 1.27 813 
Baritemcdcosas United Pigment—Tenn. N. Jersey 73-43 39.94 | 3.00 848 
Vowel Peres 13.07 30.5 
Tests AT MINUS 48-MESH 
> —48M. 
Coppers erst... Amygdaloid Michigan IT.905T| 48.04 | 1.87 2.93/1000 
Copper. eases Sandstone Vein Michigan 3.733T| 39.40 | 1.83 2.68/1000 
GIs ie sate 23 Seal Harbor Gold Mines Nova Scotia 4.66 40.4 1.78 2.76| 602 
EVERIO tolerate ws Phosphate Recovery Corp. Virginia 4.77 20.46 | 1.74 2.82] 760 
Copper nines. Morenci Ore Arizona 4.80*ft] 44.87 | 1.57 2.63] 913 
Garnet ore...... Barton Mines Corp. N. Creek, N. Y 5.25 20.5 1.905 I510 
Pluorepar.>..... «i Kinetic Chem. Inc. New Mex. 5.40* | 30.5 1.06 763 
Sylvaimtés..0.0< Union Potash & Chem. New Mex. 5.43 a8 2 tas 842 
Coppersiaa:sthhs Utah Copper—Arthur tah 5.43*T| 43.42 | 1.72 938 
Langbeinite..... Union Potash & Chem. New Mex Bi7gh | Srey jeceso 842 
TrIPOliS deal Western Minerals, Inc, Kansas 6.80t | 77.35 | 1.14 883 
SIOGENE fy cms \eh mi Aluminum Co. of Can. Quebec 8.75*t| 36.82 | 0.84 1080 
Cryolites 2 osc. Penna. Salt Mfg. Co. Pennsylvania 13.93 37.62 | 1.92 958 
AVE Oe, Ae heen ate 5.901 38.4 
Tests AT MINUS 65-MESH 
; —65M. i } 
Magnetite...... National Lead Co., MacIntyre TAnGees. New 2.47 43.0 2.65 4. 4611757 
Fe-Si, 50-50 ...| Flectro-Met. Co. New York 2.92 39.18 | 3.08 947 
Molybdenum....}| Molybdenum Corp. of Amer. | Urad, Colo. 2.92 64.5 3.08 1140-A 
INUED w Sate date as Aluminum Co. of Can. Quebec 6.25*t| 41.45 | 0.84 1080 
Vc givtains pues 3.64 47.0 


* Rod-mill tests made at other mesh sizes. 
+ Standard ball-miil tests made on this ore. 
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oo ee ae ee en a 


s Coes Spe- Ft-1b per Inch 
G i 
Shee Name and Location Material Oycaathe erates aes 
Psi Avg | ity High Be 
1672 eaters, Oil Co., Esso Lab., Baton Rouge, | Black porous iron sinter Thi 0.61 
a. 
1710 Mine Domaniaies de Potasse, Mulhouse, } Potash salts 2S 4.4 2.84 
Alsace, Fr. 
I519 Berar Portland Cement Co., Thomas- | Cement clinker 12530 | 3.15 9.9 3.07 
ton, Me. 
1675-A | Martin Bros., Butte, Mont. Seis gold ore (light P3515 5.6 3.48 
color 
1536 Pennsylvania Salt Mfg. Co., Natrona, Pa. | Siderite 8.6 3.48 
I513 A. C. Bateman, Johannesburgh, S. A. Limestone 2.6 ihol# Se Sih) 
1608 Chaves Y Cia, Magnesium do Brazil, Rio | Magnesite ‘‘ORO” 5.9 3.67 
de Janeiro, Br. 
1536 Pennsylvania Salt Mfg. Co., Natrona, Pa. | Cryolite 5.9 3.82 
I516 Saticoy Rock Co., Saticoy Cal. Granite pebbles 2.6 7.3 4.73 
I715 HWA-HSTN Cement Gon Shanghai, | Argillaceous stratified 6.3 4.82 
China limestone 
1394 St. Claire Lime, Okla. City, Oklahoma Limestone 2.6 8.2 5.00 
1341 Portage Manly Sand Portage, Wis. Sandstone 2.6 6.4 §.22 
1536 Pennsylvania Salt Mfg. Co., Natrona, Pa. | Silica and fluorspar 9.6 5.27 
1715 Reon Cement Co., Shanghai, | Pure limestone 70 5.48 
ina 
1379 Wm. Knight, N. Carolina Magnetite Aerials tO Arai 
1377 Republic Steel, Spaulding, Ala. FeO (fine) 35/30) ||) FOns 5.70 
1675-A | Martin Bros., Box 76, Butte, Mont. es gold ore, (dark| 24550 | 2.7 9.8 6.02 
color 
1402 Petoskey P. C. C., Petoskey, Mich. Fine limestone 14220 | 2.58 | 12.0 Ore 
I407 Champion Spark Plug, Detroit, Mich. Andalusite 10207 | 3.08 8.0 o a 
1324 Mississippi Lime Co., St. Genevieve, Mo, | White limestone 10285 | 2.6 7.8 ee 
1484 Southwest Stone Co., Chico, Texas White limestone 2.68 | 10.3 ee 
1750 Tennessee Copper Co., Copperhill, Tenn. | London mill ore 4.52 8.8 cas 
1377 Republic Steel, Spaulding, Ala. Iron ore , 3.29 | 10.8 ee 
I416 LaClede Christy, St. Louis, Mo. Calcined kyanite ore 2.80 9.8 oe 4 
I661 Glen Falls Portland Cement Co., Glen} Limestone 12546 | 2.70 | 12.00 . 84 
Falls, N. Y. 
1720 Ververies d’Egypt, Cairo, Egypt Quartz 7620 | 2.88 Boe 6.92 
I516 John D. Gregg, Roscoe, Cal. 2 Granite pebbles 2.6 Dat ie 
1345 Mo. Portland Cement Co., St. Louis, Mo. | Limestone 16100 | 2.6 ron whe 
1613 DuPont, Terre Haute, Ind. Pyrite in coal BNO, 16.0 gS 
1736 Fabrica Nacional de Yidrio, Caracas, Vene-| White quartz stones 2.67 | 13.2 7.85 
zuela ; 
1567 Cedar Bluff Stone Co., Princeton, Ky. Soft Ag. Limestone 2.6 II.3 aes 
I516 Graham Bros., Inc., El Monte, Cal. Granite pebbles 256 19.3 = Fa 
1384 Loomis Talc Co., Coveneua, N. Y. Tale 2583) | LE 4 aes 
1709 Major Wm. Knight, Lakeland, Fla. Limestone rock 11525 13. a oy 
1388 Jones & Laughlin, Star Lake, N. NE Iron ore F et ae 
1334 Southern Ferro, Chattanooga, Tenn. Ferrosilicon 14. ae 
1366 Wisconsin Steel, Nashwauk, Minn. Hard ore | 4.20 au 7 rLab 
1750 Tennessee Copper Co., Copperhill, Tenn. Isabella mill ore 4.52 oe feta 
1497 Southwest Stone Co., Springtown, Okla. | Limestone 26 18, 13 Ae 
1533 General Crushed Stone Co., Auburn Plant | Limestone 2.6 9 5 ron es 
1480 Southwest Stone Co., Knippa, Texas Black trap rock 312-160 a oe 
1406 Arizona Sand & Rock, Phoenix, Arizona Pebbles 28835 | 2.6 Tf Me SU 
I611 Superior Stone Co., Red Hill, Va. ' Granite 15020 | 2.82 Baa besa 
1347 Weston & Brooker, Columbia, S. Carolina | Granite (Cayce) 17923 | 2.6 14. eee 
1358 Union Steel Castings, Pittsburgh, Pa. Fe-Mn-C alloy 4] gt 15.5 reiee 
1567 Cedar Bluff Stone Co., Princeton, Ky. Limestone Ag. 2) 15.5 ade 
1398 Icaza & Co., Panama x Limestone 250 6 Mfc} es 
1719 Weston & Brooker Co., Columbia, S.| Red granite (Cayce) 26430 } 2.63 | 15.1 : 
Carolina ~ - é Pet 
8 U.S. Engineers Office, Jacksonville, Fla. | Granite ‘ 16475 .63 | 16.4 
tare Weston ee Brooker d ., Columbia, S.| Light gray granite 26070 N6nlonse2\ Lie ok 
Carolina , (Cayce) i rey sn 
1567 Cedar Bluff Stone Co., Princeton, Ky. Limestone 2. . eae 
1552 A. S. & R. Co., Tacoma, Wash. Limestone 16685 aoe 07.5 mate 
1750 Tennessee Copper Co., Copperhill, Tenn. | Fontana rock 2.65 |) 21.9 nas + 
Utah Copper ore any 19.8 : 
1763 Utah Copper Co., Aithur, Uta OPP : pest iaeee 
1487 Great Western Sugar Co., Horse Creek, | Limestone 27750 | 2. . 
Wyo. . 
1772 Gracits Rock Co., Watsonville, Calif. Granite 9330 15.5 ae 
i i i 2.6 Pew) 3- 
1367 Batesville, White, Ark. f Limestone 6 Fo.7 (13.16 
Mississippi Lime Co., St. Genevieve, Mo. | Gray limestone 14410 2.8 Se 148 
Cold Springs Granite Co., Minn. Pink granite ae ey 


STANDARD GRINDABILITY TESTS TABULATED 


TABLE 3-— 


(Continued) 


ee 


Material 


tes Name and Location 

1536 Pennsylvania Salt Mfg. Co., Natrona, Pa. 

1761 Waite-Amulet Mines Inc., Noranda, Que- 
bec, Canada : 

I719 Weston & Brooker Co., Columbia, S. 
Carolina ; 

1560 Climax Molybdenum Co., Climax, Colo. 

1427 Oliver Iron Mining, Tower, Minn. 

I412 Concrete Materials, Sioux Falls, S. D. 

1469 Helena Sand Gravel Co., Helena, Mont. 

1402 Petoskey P. C. C., Petoskey, Mich. 

1398 Icaza & Co. Panama é 

1396 Correale Const. Co., Minnersville, Pa. 

I719 Weston & Brooker Co., Camak, Ga. 

I719 Weston & Brooker Co., Camak, Ga. 

1621 General Crushed Stone Co., Quakertown, 

a. 

1567 Cedar Bluff Stone Co., Princeton, Ky. 

1719 Weston & Brooker Co., Columbia, S. 
Carolina 

1397 Hanna Ore Co., De Grasse, N. Y. 

1372 T.V.A. Fontana Dam, Tenn. 

1719 Westone & Brooker Co., Columbia, S. 
Carolina i 

1565 she T. Dyer (A-C office), Harrisburg, 

1502 Lynn Sand & Stone Co., Mass. 

1390 Old Colony Crushed Stone, Quincy, Mass. 

1578 California Rock & Gravel, Calif. 

1571 Globe Iron Co., Duluth, re 

I710 Palmetto Quarries, Columbia, S. Carolina 

1318 Missouri Portland, Batesville, Ark. 

1318 Missouri Portland, St. Louis, Mo. 

1803 Pickands Mather Co., Hibbing, Minn. 

1748 Reserve Mining Co., Montreal, Wis. 

1505 Koppers Co., Kobuta, Pa. 

1456 Reserve Mining, Babbitt, Minn. 

1502 Lynn Sand & Stone Co., a ag Mass. 

1363 Great Notch Granule Co., : 

I4t2 Cold Springs Granite Co., oe Minn. 

I412 Cold Springs Granite Co., Morton, Minn. 

I412 L. G. Everist Co., Del Rapids, S. D. 

I719 Weston & Brooker Co. Columbia, Ss. 
Carolina 

1708 Southwestern Stone Co., Knippa, Texas 

1757 National Lead Co., Tahawus, N. Y. 

1612-A | Basic Ind. Lab. (A-C), Milwaukee, Wis. 

1358 Union Steel Castings, Pittsburgh, Pa, 

I515 Oliver Iron Mining Co., Soudan, Tower, 
Minn. 

1358 Union Steel Casting Co., Pittsburgh 

1803 Pickands Mather Co., Hibbing, Minn. 

1427 Oliver Iron Mining Co., Soudan, Tower, 
Minn. 

I412 Spencer Quarries Co., S. Dakota 

1407 poampion Spark Plug, Detroit, Mich. 

1493 vere ium Corp. of America, Niagara Falls, 


eee 


Granite 
Gold ore 


Gray granite (Cayce) 


Molybdenum ore 
Jasper 

Granite 

Trap rock 

Coarse limestone 
Sandstone 

Shale 

Trap rock (Camak) 
Granite (Cayce) 
Trap rock 


Limestone 
Red granite (Cayce) 


Iron ore 
Limestone 
Gray coarse 
(Cayce) | 
Gray granite 


granite 


Rhyolite olivine 
Granite 
Trap rock gravel 
Specular hematite 
Granite 
Limestone 
Limestone 
Iron( Pit 5D) 
Babbitt, taconite 
Al-Ni pigs 
Taconite 
Gabbro diorite 
Trap rock 
Red granite 
Granite ' 
Everist granite | 
Dark gray granite 
(Cayce) 
Trap rock 
Magnetite 
Ferrosilicon (15 % Si) 
Fe-Mn alloy 
Hematite 


Si-Mn alloy 
Iron (Pit rrE) 
Hematite 


Red granite 
Dumortierite 
Chrome metal 


Com- 
pressive 


Strength, 


Psi Avg 


23100 


19970 


16785 

8106 
17650 
25840 
15967 
25270 
24305 


28030 


17900 
33070 
20180 


20345 
19222 


23784 


41360 
26170 
29287 


38550 


40975 


42233 


21381 


i) 


is) 
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TABLE 4—-Comparative Open-circuit Grindability Tests and Standard Grindability Tests 
200-mesh, October 23, 1946 


Open-circuit Tests 


First Stage (1) 
Large Ball Mill 


Second Stage (II) 
Trojan Jar Mill 


Mesh| Limits | Rev. Mesh ; Limits Rev. 
Io 25-95 100 60-99 
20 20-85 200 50-92 
Average Average 


Standard Closed-circuit Grindability Tests Made at 200-mesh 


Test 
No. 


1652 
1316 
1448 
1642 

1492 

i -1715 

; 1600 
1590 
rr114-A 
1585 
1656 
1605 
1518 
r114-A 
I1-34 
1715 
1545 
1529 
1529 
rr14-A 
1345 
r180-A 
1318 

I114-A 

1189-A 


ZY II90 
= 1189-A 


-- 1134 
1670 
4 1618-B 
= - 1698 
1698 
1795 
TI-34 
oe | 1207 
, 161 8-A 
1222-A 
; 1267 
a 7 1609 
Se 11r4-A 
a 1636 
I519 
1590 
1618-B 
r114-A 
1180-A 
1617 
E 1795 
oe rri4-A 


1715 
. 1345 
1318 
4 1698 


Santa Cruz P. C. 


Wet Grind- 
Name and Location or Dry| Material |@bility,| Index| Index 
. 200- Je Ile 
Grind imesh 
Iraq Cement Co., Bagdad, Iraq Wet | P. C. mix 
Cementa del Caribe, Barranquilla, Colombia Wet | Limestone er ee apiece 
Cemento del Caribe, Barranquilla, Colombia Wet | Limestone 862.0 3187.0 
Cia de Cemente Portland Diamente, Colombia Wet |Limestone| 1.04 |2026.2 3245.0 
Fabrica del Cemento Samper, Bogota, Colombia Wet | P. C. mix 1612.5 3312.0 
HWA-HSIN Cement, Shanghai, China Dry 1B. Comixa 14937 1900.0 3307.0 
La Cruz Azul, Jasso Hgo, Mexico Wet | P. C. mix 1732.0 3545.0 
Calavaras Cement Co., San Francisco, Calif. Wet | Limestone | 1.66 1245.0 3625. to) 
North American Cement Corp., Alsen, N. M. Wet | Limestone Og te 3750.0 
Fabrica del Cemento Samper, Bogata, Colombia Wet | P. C. mix 4850.0 3875.0 
Missouri Portland, St. Louis, Missouri Wet | P. C. mix } 2.06 1048.0 3916.0 
Halliburton, Caracas, Venezuela Wet |) P.Gamix 4 -0.(29) 1637.0 4002.0 
Cemento, Panama, Cristobal, Panama Wet | P. C. mix 470.0] 4050.0 
North American Cement Corp., Alsen, N. Y. Wet | Limestone 1737.5| 4062.5 
Universal Atlas-Leeds, Alabama Wet | P. C. mix 1642.0 4130.0 
HWA-HSIN Cement Co., Shanghai, China Wet | P. C. mix 1900.0| 4187.5 
Universal Atlas—Northampton, Penn. Wet | P. C. mix | 1.71 |1287.0| 4218.0 
Cemento del Caribe, Barranquilla, Colombia Wet | P. C. mix | 2.47 819.0] 4371.0 
Cemento del Caribe, Barranquilla, Colombia Wet | P. C. mix | 2.37 787.0] 4413.0 
North American Cement Corp., Alsen, N. Y. Wet | Limestone 2550.0] 4487.5 
Missouri Portland, Prospect Hill, St. Louis Wet | Limestone} 2.68 |1200.0} 4625.0 
Union Portland Cement, Devils Slide, Utah Wet | Limestone 2281.2] 4625.0 
Missouri Portland, Memphis, Tenn. Wet | P. C. mix | 1.39 [1042.0] 4637.0 
North American Cement Corp, Alsen, N. Y. Wet | Limestone 2068.5| 5187.5 
Kelly Island Lime & Transport Co., Ohio Wet | Limestone 450.0] 5825.0 
II 
Lone Star, Nazareth, Penn. ; Wet | Limestone 1975.0] 6500.0 
Kelly Island Lime & Transport Co., Ohio Wet | Limestone 475.0] 7062.5 
I 

Universal Atlas—Leeds, Alabama Dry | PCclinker 1979.0| 7625.0 
Cementos Del Valle, Cali, Colombia Wet | P.C. mix | 0.95 |1888.5| 7662.5 
Cementos Guadalajara, Jalisco, Mexico Dry | PCclinker 1942.9| 7875.0 
Magnesium Do Brazil Ltda., Rio De Janiero Dry 4|-ORO” r. 74 737.5) 9375.0 
Magnesium Do Brazil Ltda., Rio De Janiero Dry | ‘‘NEG"” 1,62 807.7] 9875.0 
Carlos T. Novella & Cia., Managua, Nicaragua Dry | P. C. mix 1545.0|10375.0 
Universal Atlas—Leeds, Alabama Dry | Clinker 1703.0|14250.0 
Penn.—Dixie, Richard City, Tenn. Dry | Clinker I I435.0]16375.0 
Cementos Guadalajara, Jalisco, Mexico Dry | 2. Cy mix 1900.0|16750.0 
Louisville Cement Co., Speed, Indiana Dry | Clinker 2143.7|17500.0 
Penn.—Dixie, Richard City, Tenn. Dry | Clinker IT 1749.0|19000.0 

Co., San Francisco, Calif. Dry | Clinker 1692.2|20000.0 
North American Cement Corp., Hagerstown, Md. Dry | Clinker II I575.0|20500.0 
Riverside Cement Co., Oro Grande, Calif. Dry | P. C. mix | 1 56 |1512.5|20625.0 
Lawrence Portland Cement, Thomaston, Me. Dry | Clinker 1887.5|24125.0 
Calavaras Cement Co., San Francisco, Calif. Dry | Clinker 1456.0|24500.0 
Cementos Guadalujara, Jalisco, Mexico Dry | Clinker 988. 7|24750.0 
North American Cement Corp., Hagerstown, Md. Dry | Clinker I | 0.924 |2087.5|27875.0 
Union Portland Cement, Devil's Slide, Utah Dry | Limestone 2950.0|28875.0 
Consolidated Portland Cement, Cement City, Mich. Dry | Clinker 0.87 |1126.0/31312.5 
Carlos T. Novella & Cia, Managua, Nicaragua Dry | PCclinker 1656.0|37875.0 
North American Cement Corp., Alsen, N. Y. Dry |Limestone| 1.15 |3437.5|44125.0 


Impact and Compression 


HWA-HSIN Cement Co., Shanghai, China, 
Missouri Portland Cement Co., Prospect Hill 


| Missouri Portland, Memphis, Tenn. 


Magnesium Do Brazil Ltda, Rio De Janiero 
Lawrence Portland Cement Co., Thomaston, Me. 


a a ee ee 


@Indices I and II equal the average revolutions required between t 


Impact, Ft-lb per In. 


4.82 6.3 
7.18 U2 a5 16,100 18,120 
18.0 23.8 20,545 24,480 
3.67 5.9 
3.07 ate 


he limits shown. 


Wear Tests on Grinding Balls 


By T. E. Norman,* Junior MemBer, AND C, M. Logs, Jr., MemBER AIME 


(New York Meeting February 1948) 


THE use of ball, rod and tube mills for 
grinding ore, cement and other materials 
has grown so rapidly during the past forty 
years that the world’s annual consumption 
of ferrous grinding media for these mills is 
now estimated to be between one half mil- 
lion and one million tons per year. Ferrous 
grinding balls constitute the major portion 
of this tonnage. Obviously they represent 
sufficient value to justify thorough studies 
of the factors governing their performance. 

The selection of grinding balls is gov- 
erned principally by: 1. Quality (wear re- 
sistance, impact resistance, soundness, and 
the like). 2. Sources of supply and delivered 
cost. 3. Grinding characteristics or effi- 
ciency in the ball mill. This paper deals 
principally with the quality of ferrous 
grinding balls. In the study of these factors 
certain data relative to the fundamental 
nature of ball wear in ball mills have been 
obtained. These data are also presented and 
discussed briefly. 


THe DEVELOPMENT OF A SUITABLE WEAR 
TEST 


A study of the fundamental factors gov- 
erning the quality of grinding balls has 
been hampered seriously by the fact that a 
competent test has, in the past, involved 
the purchase of several hundred tons of 
balls of a specific type which were then run 


Manuscript received at the office of the 
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2319 in METALS TECHNOLOGY, April 1948, and 
MINING TECHNOLOGY, May 1948. 

* Metallurgical Engineer and Vice President, 
respectively, Climax Molybdenum Co., Den- 
ver, Colo. and New York City, N. Y. 
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in one or more ball mills for a period rang- 
ing from several months’ to several years’ 
duration. Often, during the period of test, 
it became necessary to change operating 
conditions or the character of the ore fed 


to the test mill with the result that the rate. 


of ball consumption changed and the test 
figures became of little value. Under such 
circumstances, progress in the development 
of better grinding balls, has been neces- 
sarily slow. 

Economic factors and variations in the 
quality of balls produced by different 
sources of supply generally make it neces- 
sary for each mill operator to determine for 
himself the most suitable type of balls for 
his mills. In our own ball mill grinding oper- 
ations at Climax, Colo., we were faced with 
this problem. After we had run a few large 
scale wear tests at considerable expense we 
decided to investigate the possibilities of a 
smal] scale wear test which would be capa- 
ble of testing numerous types of balls 
within a relatively short time. 

The most important requirement of any 
test is, of course, that it give results which 
can be used to predict accurately the wear 
in full scale operations. It was known that 
Ellis and his associates! had developed a 
method of testing grinding balls by small 
scale tests run at the Ontario Research 
Foundation. Ellis’ method of testing was 
used as a starting point in our investiga- 
tions. In the course of our tests a number of 
modifications of the original method were 
found to be desirable so that, by an evolu- 
tionary procedure, a method of small scale 


1 References are at the end of the paper. 
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testing has been developed which we be- 
lieve makes possible an accurate estimation 
of the wear in full scale operations. 

Our first small scale tests were run at the 
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The balls tested were, in most cases, nom- 
inally 3 in. in diam. 

Our preliminary tests differed from Ellis’ 
method principally in the matter of dimen- 
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Fig 1—FLOWSHEET OF WEAR TESTS AT GOLDEN. 


Colorado School of Mines State Experi- 
mental Plant in Golden, Colo. These were 
run in a Marcy ball mill approximately 
3 ft id by 2 ft long, lined with ship-lap steel 


‘liners and equipped with a discharge grate 


which could be adjusted by means of dia- 
phragm rings to discharge the ground pulp 
at various levels. The discharge could also 
be sealed for batch grinding tests. Fig 1 
illustrates the arrangement used for the 
test when operating on open circuit grind- 
ing with a continuous feed and discharge. 
This arrangement was used for most of our 
preliminary tests though in a few cases it 
was found desirable to run a series of batch 
tests for the study of certain variables. 
Abrasives used in the tests were crushed 
Climax ore, a river sand very similar in 
abrasive characteristics to Climax ore, 
commercially pure crushed feldspar and a 
relatively pure type of crushed _ calcite. 


sions. We used balls 3 in. in diam in a mill 
3 ft in diam where Ellis, in most of his tests, 
used balls 1 in. in diam in a mil] 1 ft in 
diam or smaller. 

Our tests in the 3-ft mill were found to be 
useful for preliminary testing or for the 
study of certain fundamental factors af- 
fecting ball wear. Usually the order of merit 
of a series of balls could be quite well estab- 
lished in such tests. The test was found, 
however, to have certain limitations. For 
instance, the impact conditions in the 3 ft 
mill did not duplicate those in our large 
9 ft diam mills at Climax. Also, the spread 
in relative wear resistance between a good 
and a poor type of ball was generally differ- 
ent from that obtained in our larger mills 
at Climax, or in the mills at other mining 
operations. 

Ellis! has demonstrated that the char- 
acter of the abrasive has a marked influence 
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on the relative wear resistance of various 
types of balls. This was confirmed in our 
preliminary tests. Ordinarily the hard 
abrasives such as quartz give a relatively 
small spread while the softer abrasives, 
such as feldspar and calcite, tend to produce 
a relatively large spread between the wear 
resistance of a good and a poor type of ball. 

Because of the foregoing limitations of 
the tests in the 3 ft mill, a new testing 
technique was developed whereby many 
types of balls could be tested on a small 
scale in a commercial mill without seriously 
interfering with its regular operation. Re- 
sults of such tests, when comparisons have 
been available, show excellent agreement 
with large scale tests made in the same mills 
where only one composition was used for 
the entire ball charge. 


DETAILED PROCEDURE FOR RUNNING WEAR 
TESTS IN COMMERCIAL MILLS 


The technique used in running our wear 
tests, in its final stage of evolution, was as 
follows: 

1. A series of groups of balls was selected 
with the balls in each group representing 
steel or iron of a specific type and treat- 
ment. A ‘‘group” usually consisted of from 
5 to 15 balls. Our tests have indicated that 
if all the balls in any group are similar each 
ball will show, within the limits of experi- 
mental error, exactly the same weight loss 
per unit of area. There was very little ad- 
vantage to be gained therefore from the use 
of large groups. One group of balls in each 
series was of the type used as a standard for 
comparison. 

2. The balls in each group were marked 
with a distinctive mark, such as one or two 
notches or drilled holes or a combination of 
a notch and a drilled hole. Where two 
notches or drilled holes and notches were 
used on a ball, they were placed at definite 
angular distances from each other on the 
ball surface. Generally the marks were 
about }4 in. deep with the holes 14 in. diam 
and the notches 1/¢ or in. wide by 1 in. 
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long. The notches were cut with a small 
abrasive cut-off wheel. 

Comparative tests have indicated that 
the one or two notches or holes placed in 


‘ 


these test balls produced no measurable dif- __ 
ference in rate of wear except in cases — 


where spalling occurred at the edge of the 


notches. Where spalling did occur, it was ; 


generally of such a nature that the weight 


loss due to this spalling could be estimated — 


and the necessary corrections made to 
determine the weight loss caused by wear 
alone. 

3. After marking, the surface defects 
such as scaling and decarburization were 
removed from the test balls by a “ wear-in” 
in a small ball mill for a sufficient time to 
remove metal to a depth of at least 0.040 in. 
below the original surface of the ball. 

4. Where the groups of test balls were to 
be run in a large mill along with the regular 
charge from which it would be difficult to 
recover all the test balls, it was found 
necessary to adjust the weight (after the 
wear-in) of each ball in a group to an iden- 
tical value. This was done by grinding on 
an abrasive grinding wheel. By having all 
balls in a group of equal weight at the be- 
ginning of the wear test it was unnecessary 


to recover all the balls in the group from the — 


mill when the test was complete. 


5. All the balls were weighed carefully © 


both in air and while suspended in water 
containing a wetting agent. From these 
data the density, volume and surface area 


of each ball were calculated by assuming __ 


that the ratio of volume to surface area 
was equal to that of a perfect sphere. 

6. The mill in which the wear test was to 
be run was selected and the entire series of 
test balls charged at once. They were 


allowed to run in this mill, along with the | 


regular charge of balls under normal oper- 


ating conditions, for a sufficient period of 


time to establish a reliable wear factor. In 
commercial mills the test balls were gen- 
erally run for a sufficient length of time to 
wear off a layer of metal about 1¢ in. thick 
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from their surface. The mill was then 
stopped and the marked test balls were 
sorted out from the rest of the charge. Sort- 
ing was accomplished by dumping the 
entire charge of balls on the floor, or 
preferably in large mills, by having two or 
three men pick the marked balls from the 
surface of the ball charge inside the mill 
while it was slowly rotated 180° with a 
crane and rope. 

The time for shutdown and recovery of 
balls from a test mill was generally chosen 
so that it would coincide with the time the 
mill was to be shut down for relining or 
other repairs. By doing this the wear test 
did not interfere with normal operations of 
the ball mill. We did not attempt to find 
100 pct of the test balls. Generally, how- 
ever, from 60 to 80 pct of them were found 
without difficulty within about 2 hr. During 
the search period a close watch was kept 
for test balls which had broken or spalled 
during the test. 

7. The test balls were sorted, cleaned and 
weighed and their weight loss per unit of 
surface area was calculated. This figure was 
compared to the loss per unit of area on the 
standard balls included in the test. From 
this comparison an “abrasion factor” or 
relative rate of wear was calculated. For 
instance on a typical test the standard balls 
lost 116.0 g per 100sq cm of original surface 
area. The balls in “group 1” showed an 
average loss of 128.7 g per 100 sq cm. The 
standard ball was always nominally as- 
signed an abrasion factor of 100. The 
abrasion factor (relative rate of wear) 
of the balls in group 1 was, therefore, 
116.0 
abrasion factors are given to the nearest 
whole number. 

All abrasion factors listed in this paper 
have been obtained by the foregoing pro- 


roo = 111.0. In this paper all 


cedure. In all cases our standard for com- 


parison was a group of martensitic forged 
steel balls containing 0.75 to 0.88 pct car- 
bon and 0.20 to 0.30 pct molybdenum. 
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These standard balls had been made in 
regular commercial practice under care- 
fully controlled conditions and were found 
to be very uniform in quality. 

In studying the abrasion factors given in 
this review it should be clearly realized that 
they represent relative rates of wear. Balls 
with an abrasion factor higher than roo 
wear away faster and are, therefore, poorer 
than the standard, while balls with an 
abrasion factor of less than too wear more 
slowly and are, therefore, superior to the 
standard. 

The abrasion factor represents the rela- 
tive rate of wear of that portion of the ball 
which was worn away during the test. If 
the ball is homogeneous from surface to 
center the abrasion factor should be repre- 
sentative of relative wear resistance of the 
entire ball. In some cases, however, the ball 
may be less wear resistant at its center than 
at its surface. When this condition exists, 
allowances must be made in evaluating the 
relative wear resistance of the entire ball. 
Generally, however, the correction neces- 
sary is very slight. For instance, if a steel 
ball 3 in. in diam is fully hardened to a 
depth of 1 in. below its surface, then the 
weight of hardened steel in the ball is 
96.3 pct of the total weight with the un- 
hardened core representing only 3.7 pct of 
the total weight. Under such circumstances 
the correction necessary for the more rapid 
wear rate of this core will probably be less 
than 1 pct when applied to the average 
wear rate of the entire ball. 

Surface decarburization to a depth of 
0.030 in. may increase the rate of wear of a 
ball 3 in. in diam by a greater amount than 
a soft core 1 in. in diam. Such a layer repre- 
sents approximately 6 pct of the total 
weight of the ball. We estimate that such a 
zone of decarburization will generally 
shorten the life of a 3 in. ball by 1 to 2 pct. 
On smaller balls the influence of decarburi- 
zation would be still greater. 

The data and conclusions presented in 
this paper are supported by wear tests run 
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over a 7 yr period on over 200 metallurgical 
classifications of steel and iron balls. A total 
of 94 wear tests was run to study numerous 
variables under a wide variety of operating 
conditions. The entire mass of data col- 
lected, if presented in this paper, would 
increase its length excessively and tend to 
obscure many of the more important find- 
ings which we feel the investigation has 
brought forth. The data presented in this 
paper will, therefore, be confined princi- 
pally to illustrative examples rather than 
to a complete compilation of all results 


RATES OF WEAR AND Limits OF ACCURACY 


Once the surface of a test ball has been 
suitably prepared, the determination of an 
accurate abrasion factor is merely a matter 
of running the test ball along with a stand- 
ard for a sufficient length of time to wear 
off an accurately measurable amount of 
metal. In our tests we attempted to wear 
off a sufficient weight of metal on each test 
so that our limit of experimental error in 
weighing was less than 1 pct. In the 3 ft 
diam test mill at Golden, Colo., we found 
that a 24 hr test, using a continuous feed 
of crushed Climax ore, washed river sand or 
washed river pea gravel would wear 15 to 
30 g from a ball 3 in. in diam. For a group 
of 5 to 15 balls, this was sufficient to obtain 
the desired degree of accuracy. 

When running tests in which it was nec- 
essary to add the abrasive and water in 
batches instead of continuously we usually 
ran each test for a period of 6 hr with the 
abrasive being changed every 2 hr. Two or 
more of these 6-hr tests were generally run 
in order to obtain a check on our results. 

In the tests in commercial mills the aver- 
age period of the wear test was from one to 
two weeks which in most cases wore off 75 
to 400 g per ball. This was ample to estab- 
lish wear factors with a high degree of 
accuracy. In one case, however, in which 
we ran a test in a mill grinding cement 
clinker the rate of wear was so low that only 
4.5 g were worn off each 3 in. standard ball 
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after a 222 hr run. While the limit of experi- — 
mental error on this test was relatively — 
high, a compensating factor was found in ~ 
the fact that the spread in wear resistance - 
between the good and poor types of balls — 
was so great that there was no doubt about 

the relative merits of the various types 

tested. 

Table 1 gives the actual rates of wear 
obtained on our standard balls when run in — 
ten tests representing a rather wide variety 
of operating conditions. From these values — 
of wear rates per unit of area, the rate at 
which the balls decrease in diameter and — 
their useful life period have been calculated 
for each condition. This calculation as- — 
sumes that mill operating conditions re- — 
main constant and that the wear on each — 
ball continues to be in direct proportion to — 
its surface area for its entire life. The life of © 
individual balls in a mill is of particular | 
interest when large scale wear tests are 
planned on one or more types of balls. — 
General practice on such tests is to start : 
adding the test balls to the mills daily in 
the quantity needed to maintain the ball : 
charge at a desired level. When the operator — 
is satisfied that the balls formerly used in — 
the mill are substantially all worn out, and 
the test balls have worn in sufficiently to 
form an equilibrium ball charge, he then 
starts to keep an accurate record of the 
weight of test balls added to the mill. It 
may be seen from Table 1 that this method © 
of testing can develop into a long, tedious 
process because of the fact that it requires 
months and in some cases years to replace 
the former charge of balls with the test 
balls. 

The rate at which individual balls wear 
will tend to be faster in mills of large 
diameter than in mills of small diameter. — 
Theoretically the wear rate of an individual H 
ball in a charge will increase as the 0.6 
power of the mill diameter. This general 
trend for the balls to wear faster in the 
larger diameter mills is observable from the — 
data in Table 1. An accurate experimental — 
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ge had been an equilibrium charge containing balls graduated from 3 in. diam down to 
h a charge. 


balls. If the char 
ld have been less and the life longer due to the greater total surface area of suc 


* The ‘‘life’’ of a ball is.calculated here as the time required to wear it from its original diameter down to 0.75 in. diameter. 


+ This life is on a charge consisting entirely of 3 in. 


0.75 in. then the wear rate wou 
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determination of this 0.6 power rule is, 
however, rather difficult because of the 
numerous other variables which generally 
enter the picture when we change from a 
mill of one diameter to that of another 
diameter. 


FUNDAMENTAL FACTORS 
GOVERNING BALL WEAR 
IN A MILL 


In the development of a suitable testing 
technique, one of the first things we had 
to determine was the basis on which we 
could compare the wear of balls which 
varied in diameter or weight. Davis* had 
stated that balls wore in direct proportion 
to their weight (or cube of their diameter). 
Ellis! in most of his tests based his wear 
rates on weight loss per unit of surface 
area, that is, he assumed that balls wore in 
direct proportion to the square of their 
diameter. Bond‘ states that the balls in 
his tests wore as the 2.29 power of their 
diameter. Since both Davis’ and Bond’s 
methods of determining the proportionality 
of ball wear were of an indirect nature, we 
felt that further evidence on this subject 
should be obtained by more direct methods 
of observation. Groups of balls were, there- 
fore, prepared which were metallurgically 
and chemically similar, the only variable 
being their diameter. These groups were 
run on various tests in a number of mills. 
It was found that the balls in these groups 
wore in direct proportion to their surface 
area, that is, in proportion to the square 
of their diameter. An exception to this 
surface area rule was found in the case 
where a few balls 4 to 5 in. in diam were 
run in a charge which consisted principally 
of balls 3 in. in diam and smaller. It was 
found that under such conditions the 
abnormally large balls tended to segregate 
to the outside of the mill charge where 
they would naturally absorb a greater than 
average amount of energy and, therefore, 
wore somewhat faster than was called for 
by the surface area law. 
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The mills in which these tests were run 
have varied from 3 to 9 ft in diam. Mill 
speeds ranged from 65 to 78 pct of critical 
while pulp densities and pulp levels varied 
sufficiently to produce a wide variation in 
the degree of impact to which the balls 
were subjected. In spite of these wide 
variations in operating conditions, we have 
been unable to find any deviation from this 
surface area law for ball wear except for 
the case mentioned where the large balls 
segregated to the outside of the mill. 

Since, in the absence of size segregation, 
grinding balls in a mill will tend to wear 
in direct proportion to their surface area, 
the wear per unit of area will be the same 
on metallurgically and chemically similar 
balls even though these balls vary in size. 
Data from a number of our tests which 
confirm this observation are given in Table 
2. It will be noted that within the limits of 
experimental error, for any given test, the 
wear per unit of area on balls of various 
diameters is practically identical. 

Since grinding balls tend to wear in 
direct proportion to their surface area, it 
also follows that they will tend to lose 
diameter at a constant rate. This has been 
very nicely confirmed by Prentice’s® inves- 
tigations. Garms and Stevens* show a 
further confirmation of this in Fig 2 of 
their paper. 

Davis® based his conclusion that balls 
wear in proportion to their weight on the 
screen analysis of a number of ball charges. 
Prentice> has compiled more recent data 
on the screen analysis of a number of ball 
charges. His compilation, and unpublished 
data from the screen analysis of ball 
charges in our Climax mills, tend to con- 
firm the surface area theory of ball wear. 

The nature of ball wear in a ball mill has 
been the object of much discussion ever since 
Davis* published his original paper on this 
subject. It is suggested that our technique 
of wear testing can be used to yield further 
experimental data on this problem. Our 
tests indicate that the wear in a ball 


WEAR TESTS ON GRINDING BALLS 


TABLE 2—Wear Rates of Balls of Various 


Diameters in Several Tests* 


a. Annealed, Forged Steel, Plain Carbon Balls in 3-ft 
Diam Mill at Golden. Results from one 24-hr Test 
in River Sand and one 24-hr Test in Climax Ore 


Grams Lost per 100 


Peer Sq Cm 
Nominal Actual Area : 
Diameter (Sq Cm) 
(Inches) pe Mt 
Sand | Climax Ore 
z TIS CE II.0 10.1 
2 78.6 10.6 9.8 


b. Martensitic Forged Steel (Standard) Ballsin a 5-ft 
Diam Mill at Homestake Mining Co. Results from 
239-hr Test in Partially Ground Homestake Ore 


tA ea Actual Area | Grams Lost per 100 
(Inches) (Sq Cm) Sq Cn. 

3 170.0 89.8 

3 176.6 89.1 

24 124.8 90.3 


c. Soft Pearlitic Forged Steel Balls (277°Brinell) ina 
5-ft Diam Mill at Homestake Mining Co. Results 
eg a 239-hr Test in Partially Ground Homestake 

re 


110.1 
109.7 


164.9 


3 
3h2 224.5 


d. Soft Pearlitic Forged Steel Balls (277 Brinell) in a 
61¢-ft Diam Mill at Phelps Dodge Corp., Ajo, 
Ariz. Results from a 168-hr Test in Ajo Ore 


234 
3\4 


151.4 


9. 
209.0 9 


ont 
os CO 


. Martensitic Forged Steel (Standard) Balls in a 
3-ft Diam Mill at Golden. Results from one 24-hr 
Test in River Sand and one 24-hr Test in Climax 
Ore 


o 


Graesee per 100 
Nominal Actual Area a ae 
Diameter (Sa Cm) 
(Inches) qa 
Sand | Climax Ore 
3 163.0 8.28 8.43 
2h6 113.9 8.31 8.30 


f. Martensitic Forged Steel (Standard) Balls in a 
9-ft Diam Mill at Climax, Colo. Results from one 
162-hr Test in Climax Ore 


Nominal Actual Area | Grams Lost per 100 
Diameter (Sq Cm) Sq Cm 
(Inches) 

3 175.5 ¥rO.3 

3 170.0 115.8 


* The results given represent averages. A total of 
five to twenty balls of each type was run in each test. 


; 
; 
- 
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charge tends to be uniformly distributed 
over the surface so that the wear on any 
one ball is proportional to its surface area. 
It would seem to follow that the energy 


‘induced by rotation of the mill and the 


grinding effect are similarly distributed. 


THE MECHANISM OF WEAR 


Our wear tests lead us to believe that 
wear may be classified in all cases as 
occurring by two mechanisms. One is by 
the removal of oxide films or other chemical 
coatings which form on the freshly exposed 
metallic surface of the wearing part. When 
wear occurs by this mechanism, the chem- 
ical composition of the metal is the dom- 
inating factor. A reduction of wear under 
these conditions can be most readily 
accomplished by selecting a metal or alloy 
which forms a hard and adherent oxide 
film such as that obtained on high chro- 
mium alloys. 

The other classification of wear involves 
the removal of the surface of the part as 
metallic particles. When wear occurs by 
this mechanism, we believe the controlling 
factors governing rate of wear are deter- 
mined by the distribution and character- 
istics of the micro-constituents in the metal 
or alloy. In the case of grinding balls, 
operating in mills of commercial size, our 
tests indicate that most of the wear occurs 
by the removal of metallic particles since 
the microstructure of all balls tested has 
been the dominant factor in the determina- 
tion of their wear resistance. For instance, 
we have found that balls of the same 
analysis but of different microstructure will 
generally show a corresponding difference 
in wear resistance. On the other hand, balls 
of widely different alloy content but with 
practically the same microstructure will 
show relatively small differences in wear 
resistance. 

Ellis? has found, under the conditions 
existing in his laboratory testing of grind- 
ing balls, that wear caused by the removal 
of oxide films was a dominating factor. 
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His tests were run in smal] jar mills on 
balls 1 in. in diam. Under these conditions 
the addition of chromium to his steel or 
iron composition was found to be very 
effective in reducing ball wear. We suspect 
that when wear in grinding balls occurs 
primarily by the removal of oxide films, 
the forces causing abrasion are unusually 
mild. Where larger balls are used in the 
larger test mills, or in mills of commercial 
size, the metallic particles worn from balls 
during a wet grinding operation can gen- 
erally be removed from the ground pulp by 
gravity or magnetic concentration, though 
a complete separation is difficult. Probably 
the finer particles are rapidly oxidized, so 
quantitative determinations of metallic 
iron in the ground pulp may be misleading. 
These ground pulps, when allowed to 
stand, will often generate surprisingly large 
volumes of hydrogen, indicating the reduc- 
tion of hydrogen ions by the metallic iron. 
This hydrogen evolution is the basis of one 
quantitative method of determining the 
amount of metallic iron in these pulps. 

We believe that the oxide films play only 
a minor part in determining the wear of 
grinding balls in most ball mills. In acid or 
corrosive pulps, or where small balls are 
used in mills of small diameter, the influ- 
ence of oxide films on the balls may become 
an important consideration. The micro- 
structure of the steel or iron balls may also 
have a definite influence on the formation 
of the oxide films. Metallographists are all 
familiar with the fact that pearlite etches 
more rapidly than martensite when exposed 
to oxidizing acids. We have indications 
that a similar condition exists during the 
formation of oxide films on the freshly 
abraded surfaces of grinding balls. For 
instance, on a series of batch tests in the 
3 ft diam mill at Golden, using crushed 
Climax ore as the abrasive, when the mill 
atmosphere was changed from air to a pure 
oxygen atmosphere, a group of pearlitic 
steel balls showed a 39 pct increase in rate 
of wear while the standard martensitic 
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balls showed only a 19 pct increase in 
rate of wear. On the other hand, when we 
attempted to reduce the rate of oxidation 
of the balls by operating in an air atmos- 
phere with an alkaline pulp, the pearlitic 
balls showed a 10.7 pct decrease in rate of 
wear while the martensitic balls showed 
only a 7.4 pct decrease. The martensitic 
steel was, therefore, less affected by 
changes in oxidizing conditions than the 
pearlitic steel. Since the oxygen in an air 
atmosphere apparently did have some 
influence on rate of wear, it is reasonable to 
expect that at least some reduction in rate 
of wear by oxidation may be achieved by 
making the steel martensitic. 

The changes in rate of wear which we 
obtained by the use of an oxygen atmos- 
phere or by making the pulp alkaline are 
not nearly so great as those obtained by 
Ellis? in his small jar mills. We believe the 
reason for this is that in our tests the wear 
by removal of oxide films did not represent 
nearly as great a proportion of the total 
as it did in Ellis’ small laboratory mills. 


DEFINITION OF MICROSTRUCTURAL 
CLASSIFICATIONS 


Since the balls in our wear tests were 
studied with particular reference to their 
microstructure, a brief definition of the 
terms used to describe these microstruc- 
tures is in order. 

During the solidification of a medium 
or high carbon steel or of hypoeutectic 
compositions within the white iron range, 
the first constituent to solidify is austenite. 
Upon cooling, this austenite may transform 
to pearlite, bainite, or martensite with the 
product of transformation depending on 
the temperature at which the austenite 
transforms. The austenite and its trans- 


formation products are often referred to | 


as the “matrix” of the steel or iron, and 
are, at times, so designated in this paper. 
During the cooling of the solidified austen- 
ite, pro-eutectoid carbides or ferrite may 
be rejected. Since these constituents are 
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rejected around the austenite grains, they 
are referred to as grain boundary carbides 
or ferrite. 

Spheroidized carbides, which occurred 


in several groups of balls which we studied, 


were produced by reheating operations 
after casting or forging. They existed in all 
cases as very small globular particles finely 
disseminated throughout the matrix of the 
steel. 

Sulphides were observable and easily 
identified in several cast steels of high 
sulphur content. Where they occurred as 
envelopes or partial envelopes around the 
original austenite grains, they are classed 
as grain boundary sulphides. Where they 
occurred as globules within the original 
austenite grain boundaries they are classed 
as globular sulphides. 

When ferrous alloys within the cast iron 
range of compositions solidify, there will 
form around or adjacent to the original 
austenite grains: carbides, which we shall 
designate as primary or massive carbides; 
graphite, which will be so designated; and 
steadite, an iron phosphorus eutectic. In 
one case, ledeburite, which is a eutectic of 
austenite or its transformation products 
and primary iron carbide, is mentioned 

Pearlite is the lamellar product resulting 
from transformation of austenite at tem- 
peratures from the Aer temperatures 
(approximately 1350°F° (730°C) for most 
of the compositions studied) and about 
1000°F (540°C). It will be further classified 
into coarse, medium and fine pearlite 
depending on the size and spacing of the 
lamellae. Bainite is the acicular product 
resulting from transformation of austenite 
at temperatures which are generally below 
goo°F (480°C) and above 450°F (230°C). 
For most of our compositions, the bainite 
was formed between 800 and s500°F 
(430-260°C). Substantial amounts of re- 
tained austenite generally were found 
along with the bainite. Martensite refers 
to the hard acicular product formed below 
the Ar’ temperature of the steel. This Ar” 
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temperature was within a range of 550 
to 350°F (290-180°C) for most of the 
compositions which we studied. There were, 
however, a few compositions which con- 
tained a total alloy content sufficient to 
depress the Ar’’ temperature to values near 
or below room temperature so that re- 
frigeration was necessary to obtain appre- 


ciable transformation from austenite to 


martensite. 

The similarity in appearance between 
martensite and low temperature bainite is 
such that we may, in a number of cases, 
have confused one with the other. On our 
more recent investigations we have at- 
tempted to distinguish between bainite 
and martensite by determining the temper- 
atures at which the balls transformed with 
““Tempilstiks” and a magnet. 

Spheroidite as described by Payson’ has 
also been studied in a few of these wear 
tests. This structure was obtained in a few of 
the normalized high carbon, low alloy steels. 


WEAR RESISTANCE OF STEEL 
OF VARIOUS MICROSTRUCTURES 


Microstructure seems to be the dominat- 
ing factor insofar as the wear resistance of 
steel grinding balls is concerned. Structure 
of the matrix appears to be most important. 
Grain boundary carbides and undissolved 
spheroidized carbides have a minor, though 
by no means negligible, effect on wear 
resistance. The effect of massive carbides 
is variable and appears to depend to some 
extent on the character of the matrix. 
Grain boundary and massive carbides have 
a pronounced influence on the resistance 
shown by the balls to spalling and breakage 
under severe impact. Grain boundary 
ferrite is harmful to wear resistance. 

Carbon content plays such a dominant 


part in determining the microstructure of a 


steel or iron that its influence will be dis- 


cussed in this section on microstructure 


rather than in a later section on the influ- 
ence of chemical composition on wear 
resistance. 
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The relative wear resistance (abrasion 
factors) of eleven of the more important 
types of steel and iron representing certain 
typical microstructures is listed in Table 3. 
The abrasion factors obtained under seven 
different operating conditions are given. 
The eleven analyses are listed in their 
approximate order of merit. 

Generally, in the conduct of our wear 
tests, a wide variety of types was included 
in each test. The complete data from two 
of our more comprehensive tests are listed 
in Tables 4 and 5 for illustrative purposes. 
It is from such data as these that we have 
taken the selected data for Table 3. 

In studying the influence of microstruc- 
ture on wear resistance, our discussion can 
be cggveniently divided into three parts, 
one dealing with a matrix structure made 
up of austenite, martensite, or bainite or a 
combination of these, and the second with 
a matrix structure of fine, medium or 
coarse pearlite. The third part deals with 
structures containing a matrix of spheroidal 
carbides in ferrite. 


1. Balls with a Matrix of Austenite, 
Mariensite or Bainite 


A well known form of steel containing 
austenite is found in the 12 to 14 pct 
manganese, 1.0 to 1.3 pct carbon Hadfield 
manganese steel which has been reheated 
after casting to about 1900°F (1040°C) and 
water quenched. This steel represents a 
rather stable form of austenite which can 
be work hardened from its as-quenched 
hardness value of about 10 Rc to a maxi- 
mum of 58 Rg. In our work on grinding 
balls the highest hardness observed on the 
work hardened surface of Hadfield man- 
ganese steel was 54 Rg. We have never been 
able to detect the transformation of this 
austenite to ferro-magnetic products (such 
as martensite) by work hardening of the 
surface. This applies to both balls and 
crusher parts. This finding is supported by 
the work of Goss® who concluded that no 
such products are formed from the work 
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hardening of Hadfield manganese steel. 
This steel has shown relatively poor wear 
resistance in all our wear tests in which it 
has been included. This is observable from 
the abrasion factors for item 7 of Table 3, 
from item 42 of Table 4, and items 31 or 
32 of Table 5. The influence of the carbon 
content on this type of austenitic steel has 
not been investigated by us. 

One should not conclude from the results 
for Hadfield manganese steel that all types 
of austenite will have poor wear resistance 
when tested as grinding balls. Other types 
of austenite, which tend to transform quite 
readily to martensite when work hardened, 
exist at room temperature. Many of the 
groups of balls which we have tested 

- contained austenite of this latter type. 
These groups have in all cases stood at the 
_-top of the list insofar as wear resistance is 
-— concerned, which leads us to believe that 
those types of austenite which will trans- 
form readily to martensite when cold 
_~ worked are not harmful to wear resistance 
of grinding balls. This is demonstrated in 
Table 6 which lists the results obtained 
from nine steel compositions containing 
retained austenite. 

The groups of balls listed in Fable 6 were 
selected from Table 5. Tables 3 and 4 list 
a number of additional results on groups 
which contained retained austenite. It will 
be noted that these groups all show excel- 

lent wear resistance. 

Some of the most wear resistant groups 
of balls in our tests had relatively low 

initial hardness because of their large 
amount of retained austenite. These balls 
__ have shown a substantial amount of work 
hardening on their surface as determined 
by Rockwell C impressions. For instance 
the balls in item 8 of Table 5 had a hard- 
“ness of 40-41 Ro before testing. After a 
series of wear tests, which concluded with 
_ the test at Ajo, the balls in this group had 
i surface hardnesses in the range of 50-56 Ro. 
Similarly, the surface hardness of the balls 
in item 10 of Table 5 increased from 53-55 


Re to 61-64 Roe. These surface hardness 
readings are possibly low since the Rock- 
well C impressions have probably pene- 
trated into the softer metal below the 
surface. Balls which did not contain 
retained austenite showed no appreciable 
work hardening at the surface, as measured 
by the Rockwell C test. 

To study more fully the influence of 
retained austenite in the matrix of grinding 
balls, tests were run on five steel composi- 
tions of varying austenite stability. The 
composition, heat treatment and hardness 
of these steels, together with the abrasion 
factors obtained from them on a wear test 
in the test mill at Golden, are given in 
Table 7. The groups are listed in order of 
decreasing austenite stability. Group 1-WQ 
represents austenitic manganese steel water 
quenched directly from the mold. It was 
completely austenitic except for a small 
amount of primary carbide around the 
dendritic grain boundaries. The relatively 
high rate of wear which we obtained from 
this type of austenite is similar to that 
obtained from items 31 or 32 of Table 5s. 

Microscopic observation and magnetic 
permeability tests indicated that groups 
2-WQ and 2-AQ were similar and were 
completely austenitic except for some 
primary carbides around the dendritic 
grain boundaries. Magnetic permeability 
tests indicated that a slight amount of 
transformation to martensite occurred in 
group 2-WQR when it was refrigerated to 
—70°F (—57°C). Small specimens of steels 
2-WQ and 2-AQ could be work hardened 
to a maximum of 44 Ro by hammering. 
This work hardening brought about some 
transformation to ferromagnetic products, 
indicating the formation of martensite. 

Tests similar to those run on the three 
groups of composition 2 were also run on 
the three groups of composition 3. Groups 
3-WQ and 3-AQ appeared to be completely 
austenitic except for the primary carbides 
around the grain boundaries. Group 
3-WQR showed appreciable transformation 
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to martensite on cooling to —25°F (—32°C) 


’ 


Chill cast, 


resistance of group 3-WQR even though it 
raised the initial hardness from 23 Rc to 
37 Ro. However this steel was subjected to 
cold work by the forces of impact involved 
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hardening occurred on the surface of all 
the austenitic balls though to such a 
shallow depth that we were unable to 
measure the surface hardness with any 
reasonable degree of accuracy. 

It has been brought out that retained 
austenite at the wearing surface of low alloy, 
high carbon steel grinding balls will trans- 
form to martensite by the cold working 
effect. which normally exists in a ball mill 
grinding operation. This retained austenite 
can also be transformed to martensite by 
refrigeration though the one result of such 
treatment, obtained from group 3-WQR in 
Table 7, does not indicate that transfor- 
mation in this manner will appreciably im- 
prove the wear resistance of grinding balls. 

Another method used for transforming 
retained austenite was to temper it for a 
short time at 600°F (315°C). The influence 
of tempering treatments up to 600°F 
(315°C) on the wear rates and hardnesses 
of three martensitic or bainitic steel compo- 
sitions containing retained austenite is 
shown in Table 8. Tempering these 
compositions at 375°F (190°C) brought 
about a slight increase in hardness but 
very little, if any, change in wear resistance. 
By tempering the compositions at 600°F 
(315°C), however, the austenite in the steel 
was transformed to tempered martensite or 
bainite. Litfle overall change in hardness 
occurred as a result of this treatment. A 
marked drop in wear resistance did occur, 
however, with the average rate of wear for 
the three compositions almost doubling as 
a result of the 600°F (315°C) temper. 

It should be noted that the wear tests 
listed in Table 8 were batch runs in a 
crushed feldspar abrasive. This abrasive 
was selected because abrasion tests run in 
feldspar tend to show a wide spread be- 
tween balls of different wearing quality. 
This allows the detection of relatively 
minor differences in the wearing quality of 
balls. In this series of 6-hr tests the 
amount worn off the balls was quite small 
so'that the limit of experimental error was 
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about +5 pct. For this reason we have 
listed wear rates in Table 8 instead of 
abrasion factors which require a higher 
degree of accuracy. 

The abrasives and operating conditions 
in many commercial ball mills are such 
that the loss in wear resistance caused by 
the tempering of hardened balls at 600°F 
(315°C) will be much less than that shown 
for Table 8. For instance in Table 4, 
items 25, 26, 30, and 31 represent groups 
of balls which contained martensite or 
bainite plus retained austenite before they — 
were tempered. Item 25 in Table 4 is also 
represented as item 19 in Table 5. These 
groups do not have as good wear resistance 
as we would expect from them if they had 
not been tempered. However, their loss in 
wear resistance was obviously not very 
great since they still show relatively good 
abrasion factors. 

Further tests, of a more comprehensive 
nature, on the influence of tempering 
hardened steel balls should have practical 
value. Antia, Fletcher and Cohen? have 
demonstrated that three separate temper- 
ing reactions occur between 180°F (80°C) 
and 675°F (355°C). A study of the wear 
resistance of the hardened steel before and 
after each of the tempering reactions should 
be of value. 

The influence of carbon content on steels 
and irons having a matrix of martensite, 
bainite or austenite is of interest. This 
variable has not been fully investigated 
over the entire range of compositions by our 
tests. Quite a few martensitic steels within © 
the range of 0.70 to 0.90 pct carbon have, 
however, been tested and found to be 
remarkably similar in wearing character- 
istics. It was for this reason that we chose 
a martensitic steel within this range of — 
carbon content as our test standard. 

When the carbon content of a martensitic — 
steel was dropped to 0.60 pct or lower a 
definite falling off in wear resistance was — 
noted. Martensitic 0.50 to 0.60 pct carbon — 
low alloy steels when tested by grinding 


the Wear Rates of 4 Groups of Hardened Steel Balls 


TABLE 8—Influence of Tempering on 
(Averages from Two 6-hr Wear Tests in 3 


X 2-ft Mill at Golden. Feldspar Abrasive. 70 pct Solids) 
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river sand in the test mill at Golden or by 
grinding molybdenum ore at Climax have 
been found to wear from 5 to 15 pct faster 
than our standard 0.80 pct carbon, low 
alloy martensitic steel. 

When the carbon content of a marten- 
sitic steel was raised to about 1.0 pct the 
wear resistance of the steel was somewhat 
better than that of our standard. Such steels 
generally have a very substantial amount 
of retained austenite in their structure. 

High carbon steels containing over 0.90 
pet carbon suffer from the disadvantage of 
brittleness and susceptibility to quench 
cracking. Recent tests have indicated that 
reduced cracking of the high carbon steel 
would be obtained by quenching the balls 
from a temperature just above the Aci to 
produce a structure of spheroidized car- 
bides in martensite. A limited amount of 
data which we have on this structure indi- 
cates that it has somewhat better wear 
resistance than martensitic steels of eutec- 
toid composition. This is in line with 
experience in the ball bearing field and with 
experience on the wearing properties of 
rock drill bits for percussion drilling. 

It has been found that relatively high 
alloy contents are necessary for the pro- 
duction of a matrix of martensite, bainite, 
or austenite in high carbon irons. Chro- 
mium and molybdenum, at least up to a 
certain amount, are contained principally 
within the massive primary carbides, hav- 
ing little effect on the matrix structure. 
Nickel is effective on the matrix structure 
and is, therefore, used to produce “Ni- 
Hard” white irons with a matrix of marten- 
site plus austenite. Chromium is used in 
these Ni-Hard irons to suppress the forma- 
tion of graphite in the structure. Two 
typical Ni-Hard irons are listed as items 1 
and 4 in Table 3 and items 48 and 43,- 
respectively, in Table 4. 


2. Balls with a Pearlitic Matrix 


Generally speaking, balls with a pearlitic 
matrix will be inferior in wear resistance to 


350 


those with a matrix of martensite or bainite, 
plus retained austenite. A very large 
proportion of the grinding balls used 
commercially is, however, still of the 
pearlitic type so the characteristics of such 
balls have been rather fully investigated. 
The inferior wearing characteristics of the 
pearlitic steels and irons are quite evident 
from a study of the data in Tables 3, 4, and 
5. It is also evident, however, that there 
is a rather wide range in wearing character- 
istics of various pearlitic steels and irons. 
Some of the harder, high carbon pearlitic 
steels are capable of giving a fairly good 
account of themselves in the harder types 
of ore. In grinding the softer types of 
abrasives, such as feldspar or calcite, none 
of the pearlitic steels or irons showed up 
well in comparison with the standard 
martensitic steel balls. 

Pearlitic steels of eutectoid carbon con- 
tent tend to wear better with increasing 
fineness of the lamellar structure which is 
paralleled by an increase in the hardness 
of the steel. This is indicated by a com- 
parison of items 6 and 8 in Table 3. 

The influence of carbon content on the 
wear resistance of six pearlitic forged steels 
of similar hardness is demonstrated by 
Table 9. The trend towards improved wear 
resistance as the carbon content is raised 
from 0.52 to 1.03 pct is very consistent. 
Further data on the influence of carbon 
content on the wear resistance of a series of 
alloyed pearlitic steels of relatively high 
hardness are given in Table 10. Again the 
trend towards improved wear resistance as 
the carbon content increases, in this case 
up to 1.19 pct, is observable 

The results in Table 11 are shown to 
illustrate the influence of carbon content 
up to the cast iron range on balls having a 
-pearlitic matrix. Further data on the 
performance of pearlitic white iron balls 
are also given in Tables 3, 4, and 5. It will 
be noted from these data that the introduc- 
tion of sufficient carbon into a composition 
to cause the formation of primary massive 
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carbides in its structure generally causes a 
definite loss in wear resistance. 


a 


Data on the influence of carbon content 


on the wear resistance of pearlitic balls 
are presented by Prentice.® While Prentice 
does not report the microstructure of the 


balls he tested, there are certain groups in 


his list which, because of their analysis, 
heat treatment and hardness obviously 
have a pearlitic matrix. Six of these groups 
are re-listed in Table 12. The superiority 
of the steel of eutectoid or slightly hyper- 
eutectoid carbon content is evident. 

The most wear resistant balls of the 
pearlitic type are made of steel composi- 
tions of high hardness and hyper-eutectoid 
carbon content. A maximum hardness of 
about 477 Bhn was obtained in a purely 
pearlitic steel when its carbon content was 
in a range of 1.0 to 1.40 pct. All of our 
pearlitic steels within this carbon range 
contained an envelope or partial envelope 
of pro-eutectoid carbides around the grain 
boundaries. Such carbides are very effective 


in causing rapid nucleation of the austenite, — 
so in this respect they promote the develop- — 
ment of a pearlitic matrix. If large amounts — 


of the pro-eutectoid carbides precipitate 


at the grain boundaries they will lower the — 


wear resistance of the steel. It is apparently 


desirable to retain most of this pro-eutectoid — 


carbon within the pearlitic matrix. The 
judicious use of alloying elements coupled 
with rapid cooling through the critical 
range has been found quite effective in 
accomplishing this. 

The data in Table ro indicate that a 
high carbon, low alloy pearlitic steel is 


capable of showing fairly good wear — 


resistance when tested in Climax ore. This 
is confirmed by the result for item 32 in 
Table 4 as well as by numerous unlisted 


results. It should be mentioned, however, © 


that when the softer types of ore are 
ground (such as some of the porphyry 
copper ores) none of the pearlitic steels 
will compare very favorably with the 
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compositions containing a matrix of mar- 
tensite or bainite, plus retained austenite. 


3. Balls Containing Spheroidal Carbides 


Spheroidal carbides may be developed in 
steel compositions by tempering martensite 
or bainite or, under certain circumstances, 
by direct transformation from austenite 
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of the steel balls we have studied in order 
of decreasing grain size follows: 1. Sand 
cast steel, as cast. 2. Chill cast steel, as 
cast. 3. Forged steel, as forged. 4. Forged 
or cast steel, reheated between 1400 and 
1600°F (760-870°C) and quenched in air, 
oil or water. 

Numerous tests have been run in which 


TABLE 13—Relative Wear Rates of Lamellar and Spheroidal Siructures of A pproximately 
Equal Hardness 
(145-hr Wear Test in a 6 X 6-ft Mill at Climax, May 1941) 


nnn SEE EEE! SESE 


Analysis, Per Cent 


Hardness (Bhn) 


See ee ee ee 


0.75 | 0.45 | 0.42 | 0.26 | 0.65 387 
I.or | 0.44 | 1.06 | 0.21 | 0.34 364 
ros jit. 3294 2.00 | 0:22) | 0.40 387 


as described by Payson, Hodapp and Lee- 
der.” Indications from our tests are that 
these spheroidal structures are not as wear 
resistant as lamellar (pearlitic) structures 
of the same hardness. A comparison of the 
wear resistance of three compositions which 
were heat treated to develop lamellar 
(pearlitic) and spheroidal structures of 
approximately equal hardness is given in 
Table 13. The poorer wear resistance of the 
spheroidal (tempered martensite) struc- 
tures is evident. 

An exception to the theory that sphe- 
roidal structures tend to have inferior wear 
resistance may be found in the case of 
structures in which the spheroidal carbides 
exist in a matrix of martensite. (See (1) 
above.) 


THe INFLUENCE OF GRAIN SIZE 


In steel compositions the prior austenitic 
grain size of the structure seems to have no 
influence on the wear resistance of grinding 
balls provided the microstructure within 
the grains is the same. This has been 


‘demonstrated on both cast and forged 


balls of various types. A rough classification 


Lamellar Structure (Air Cooled 
from Forge, Pearlitic) 


Abrasion Factor 


Spheroidal Structure (Oil Quenched, 
Tempered 1toso°F. Tempered 
Martensite 


Hardness (Bhn) | Abrasion Factor 


114 387 124 
IIo 387 113 
109 402 113 


all four types of steel, similar in composi- 
tion and microstructure, were included. No 
appreciable difference in the wear resistance 
of the four types has been found. Under 
severe conditions of impact, however, the 
martensitic or bainitic coarse-grained types 
often failed by spalling or breakage. 
Pearlitic steels, irrespective of their grain 
size, have not spalled or broken on any of 
our tests. For the martensitic steels, how- 
ever, indications are that a grain refining 
heat treatment is desirable on balls which 
must withstand severe conditions of impact 
or combinations of impact plus low rates 
of wear such as are encountered in the 
grinding of limestone or other very soft 
abrasives. 

Grain size is an important factor govern- 
ing the wear resistance of cast white iron 
balls. This is particularly true for cast white 
iron with a pearlitic matrix. Sand cast 
pearlitic white iron balls have always had 
poorer wear resistance than chill cast 
pearlitic iron in our tests. It is believed that 
the very coarse primary carbides which 
exist in sand cast white iron are responsible 
for this more rapid rate of wear. These 
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carbides may be more subject to spalling 
on a microscopic scale. 

The wear of white iron with a matrix of 
martensite plus retained austenite does not 
appear to be so greatly influenced by grain 
size. It will be noted in a comparison of 
items r and 4 of Table 3 that this par- 
ticular sand cast Ni-Hard white iron actu- 
ally wore less than the chill cast Ni-Hard 
white iron. 

Where severe impact occurs in a ball 
mill or where very large balls are used to 
accomplish crushing as well as grinding, 
breakage or spalling of all types of white 
iron may be expected. White iron of the 
Ni-Hard type seems to be somewhat more 
resistant to this spalling and breakage than 
the pearlitic types of white iron. 


THE INFLUENCE OF ALLOYING ELEMENTS 


Since microstructure is the dominating 
factor determining the wear resistance of 
grinding balls, we believe the primary 
function of alloying elements is to assist in 
obtaining the type of microstructure 
desired. A secondary function of alloying 
elements may be to provide corrosion 
resistance or to facilitate the development 
of an abrasion resistant oxide film on the 
balls. 

The influence and usefulness of alloying 
elements will be considered for the two 
microstructural types of grinding balls 
which have, in our estimation, shown the 
best economic possibilities. These are: 
1. Balls with a matrix of martensite plus 
retained austenite or bainite plus retained 
austenite. 2. Balls with a pearlitic matrix. 

Balls of type 1 are generally superior to 
even the best of those of type 2 insofar as 
wear resistance is concerned. Impact con- 
ditions in certain ball mills may, however, 
be too severe for balls of type 1 particularly 
if they are coarse grained. 

To produce the type 1 microstructures 
iu grinding balls, they must be of a compo- 
sition which possesses sufficient harden- 
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ability to halt transformation to pearlite 
during their final air or liquid quench from 


the austenitic state. To accomplish this — 


without resorting to too drastic a quench 
it is necessary to have alloying elements 


present in practically all the sizes of grind- 


ing balls down to about 1 in. diam. Many 
combinations of alloying elements can be 
used. However, the selection of an alloy or 
alloy combination together with the type 
of quench should be such that it introduces 
a minimum of harmful effects into the 
balls. The development of high residual 
stresses or quench cracks and the presence. 
of embrittling elements such as phosphorus, 
sulphur or excessively high manganese and 
silicon should be avoided. Overstabilization 
of the retained austenite in the structures 
should also be avoided. 

Numerous compositions and methods of 
heat treatment used to produce the type 1 
microstructures in steel or iron balls 3 in. 
in diam are to be found in Tables 4 to 8 
inclusive. It should be noted, however, that 
the groups listed in these tables were tested 
because they contributed to the study of 
certain variables. In most cases these 
groups do not represent the best composi- 
tion or heat treatment for commercial 
production. The commercial manufacture 
of some of these groups would involve an 
unnecessarily high alloy cost, while others, 
because of their composition, grain size or 
heat treatment, would produce balls sub-_ 
ject to quench cracking or other forms of. 


brittleness. ; 
The most economical alloying element © 


per unit of hardenability effect is man-_ 
ganese. We have found that this element 


can be used to advantage in amounts up 


to about 0.80 pet in grinding balls with the 


type 1 microstructures. Larger amounts of — 
manganese than this are generally undesir- . 


able since they tend to cause quench crack- 
ing or spalling and breakage of the balls in’ 
service. In cast steel balls, silicon contents 
in excess of 0.70 pct have been found 


undesirable for the same reasons. The cause 


ye ee ee — 
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of this may be that such high silicon con- 
tents were generally associated with an 
over-reduced condition during the finishing 
period in the melting furnace. For harden- 
abilities greater than that obtainable from 
0.80 pct manganese plus 0.70 pct silicon 
we believe the combined use of chromium, 
molybdenum and nickel will give the best 
results. Copper, in amounts up to o.50 pct, 
has also been used to advantage in cast steel 
balls. 

To determine the most efficient chro- 
mium, molybdenum and nickel combinations 
for commercial production of cast or forged 
steel balls with the type 1 microstructures, 
we have found that Hostetter’s method’? 
can be applied to good advantage. While 
Hostetter’s method of calculation was 
developed to determine the most econom- 
ical combinations, we have found that such 
combinations have also worked well from a 
performance standpoint insofar as wear 
resistance and freedom from quench crack- 
ing or breakage in service are concerned. 
In the interest of obtaining greater tough- 
ness in the hardened balls, certain steel 
ball producers prefer, however, to deviate 
from Hostetter’s formula by replacing a 
part of the chromium with a further addi- 
tion of molybdenum. It is thought that 
since molybdenum has very little effect in 
lowering the temperature range in which 
austenite begins to transform to martensite, 
it should be less likely to induce quench 
cracking or high residual stresses in balls 
which are quenched to below their Ar’’ 
temperature. 

Interrupted quenching techniques, which 
tend to avoid the development of quench 
cracks or high residual stresses, can be 
used to advantage in the production of 
alloyed balls with the type 1 microstruc- 
ture. They are particularly useful on coarse 
grained steels such as those in the as-cast 
or as-forged condition. A technique which 
we have used with good success on eutec- 
toid carbon, low alloy, chromium molyb- 
denum steel balls has involved a quench in 


oil, water sprays, or moving air until the 
surface of each ball was down to between 
600 and 700°F (305-370°C). The balls con- 
tained sufficient alloy content to suppress 
any transformation to pearlite so that they 
were still completely austenitic at these 
temperatures. The balls were then removed 
from the quench and allowed to cool 
slowly to room temperature. The trans- 
formation from austenite to bainite or 
martensite occurred during the slow cooling 
period. Usually, the balls became quite 
strongly ferro-magnetic while they were 
still at temperatures between 700 and 
500°F (370-260°C), indicating that the 
transformation product was mostly bainite. 

For steel compositions, it has been 
pointed out that martensite (or bainite) 
plus an unstable austenite is easily obtained 
by the addition of relatively small amounts 
of alloying elements. Whether the further 
addition of alloying elements is beneficial 
or not is of interest. Our tests show little 
improvement for any large addition of an 
alloying element, particularly when eco- 
nomic factors are considered. Chromium 
additions beyond that necessary for full 
hardening are probably beneficial when 
conditions are such that the removal ot 
oxide films on the balls represents a sub- 
stantial proportion of the wear. In most 
of our tests, however, the effect of chro- 
mium in amounts greater than that neces- 
sary for full hardening has been small. 

The addition of large amounts of 
manganese or nickel to a full hardening 
steel analysis appears to be undesirable 
because of stabilization of the retained 
austenite. Molybdenum additions beyond 
that necessary for full hardening have 
shown no appreciable effect on wear resist- 
ance. 

The full possibilities for the carbide- 
forming elements when applied in a 
structure of martensite plus spheroidized 
carbides have not been explored. Fairly 
highly alloyed compositions, such as those 
used in high-speed steel cutting tools, may 
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show superior wear resistance though the 
field of application for such costly composi- 
tions in grinding balls seems to be decidedly 
limited. 

Alloying elements in the 1.0 to 1.4 pct 
carbon pearlitic balls serve to increase the 
fineness of the pearlitic structure and also 
to increase its carbon content by partially 
suppressing the rejection of pro-eutectoid 
carbides around the original austenite 
grain boundaries. Alloying elements such 
as chromium and molybdenum may have 
a secondary beneficial effect on pearlitic 
structures by the introduction of alloy 
carbides. Since much work remains to be 
done, about all that can now be said is that 
combinations of chromium in a range of 
1.0 to 3.0 pct plus molybdenum in a range 
of 0.20 to 0.50 pct have given good results. 
Manganese has also been used in amounts 
up to 2.0 pct though our tests have indi- 
cated that its use above 1.0 pct has con- 
tributed little to the wear resistance of 
these hard pearlitic steels. The nickel which 
was present in many of our pearlitic 
compositions in amounts up to 1.0 pct 
apparently had little influence on wear 
rates. 

Balls made from 1.0 to 1.4 pct carbon 
low alloy steels may be subjected to a 
fairly wide range of cooling rates from their 
austenitic state, while still developing a 
hard pearlitic structure. A fairly wide 
range in total alloy content is also permis- 
sible. Such balls will, therefore, lend them- 
selves well to production under conditions 
where a simple fool-proof heat treatment, 
such as an air quench, is required. 

Because of the presence in white iron of 
massive primary carbides which tend to 
rob the matrix of its carbide forming alloy- 
ing elements, Hostetter’s formulas do not 
apply. A combination of nickel in a range 
of 3.0 to 4.5 pct plus chromium in a 
range of 1.5 to 2.5 pct (the Ni-Hard irons) 
has been used quite successfully to produce 
white iron with a matrix of martensite plus 
retained austenite. 
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THE INFLUENCE OF THE METALLOIDS 4 


As might be expected, the presence of 
phosphorus and sulphur above the usual 


limits is undesirable in steel balls. Both 


elements cause brittleness in steel and also 


y 
- 


injure the hot working properties of — 


wrought steels. Table 14 gives a comparison 
between a number of low metalloid, and 
similar high metalloid, pearlitic alloy 
steels. The high metalloid compositions 
are definitely inferior in wear resistance, 


even though their structure, hardness, and — 
carbon content are similar. In Table 5, a — 
high metalloid pearlitic steel represented — 
by item 30 compared unfavorably with — 


items 4, 5, 25, and 26, which represent low 
metalloid pearlites of approximately the 
same hardness. 

The martensitic steels appear to be less 
affected by metalloids than the pearlitic 


steels insofar as wear resistance is con- 


cerned. In Table 5, the martensitic steels 


of high metalloid content are represented — 
by items 11 to 17. These groups had good © 


wear resistance, but the balls in these high 


metalloid groups were very subject to © 


quench cracking and also to breakage in 
our wear tests. 


White iron balls generally have a rela- — 


tively high sulphur and phosphorus con- 


em | 


tent: Whether any improvement in their — 
wear resistance could be obtained by — 


lowering their metalloid content is not 
known. 


THE INFLUENCE OF ABRASIVES 
ON WEAR RESISTANCE 


By changing from one type of abrasive 7 
to another, very marked differences in the 


relative wear resistance of the various types — 


of balls have been observed. While the 
order of merit of a series will generally 


remain the same, the spread between the 


performance of a good and poor type will | 
generally be much greater when grinding — 
soft than when grinding hard abrasives. — 


This is readily observable from the data in 
Table 3. Other tests which have been run 
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TABLE 14—Relative Wear Rates of Pearlitic Steels of High and Low M etalloid Content 


(x45-hr Wear Test in a 6 X 6-ft Mill at Climax, May 1941) 


Analysis, Per Cent 
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Abrasion © 
Factor 


Microstructure 


Heat Treatment 


(a) Low Metalloid Steels 
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(b) High Metalloid Steels 


0.99 
1.24 
1.02 


Pearlite, G.B. Sulphide 364 
G.B. Sulphide and Carbide 387 
Iphide 331 


Pearlite, G.B. Su 


Pearlite, 


cooled in sand 
cooled in sand....... 


Sand cast, cooled in sand....... 


Sand cast, 
Sand cast, 


in calcite, cement rock, and in commercial 
ores high in feldspar or talc, tend to confirm 
this. Ellis’ data! confirm this observation. 

A reversal in order of merit may occur 
among the pearlitic steels and pearlitic 
white irons when we change from grinding 
a hard abrasive to the softer abrasives. 
For instance, in the grinding of quartz or 
ores high in quartz content, the pearlitic 
steels are generally “superior to pearlitic 
white iron. When grinding pure feldspar, 
however, this condition may be reversed. 
This is observable from a comparison of 
items 6 and 10 in Table 3. 

Possibly an explanation for the way that 
the various abrasives influence the wear 
resistance of grinding balls may be obtained 
by a consideration of the relative indenta- 
tion hardness of minerals and steel at 
various hardness levels. Peters and Knoop" 
list the following indentation hardnesses as 
obtained by microhardness tests with a 
diamond pyramid: 


Galeiter waste rede ses ee iessts 135) 
Sheela Sie cists stake aveleie or o4aus 276 
Albite Peldspar.... 1... 2. se 490 
Steel, Re Ags. mutes <i ett <i 496 
Orthoclase feldspar........-. 560 

RUT TID) vegtaeekerete atelibicstaleyesnucicoms tela 710-790 
Steel, Re 65=67......0.+-s+-0+ 791 


The foregoing table indicates that quartz 
has about the same hardness as the hardest 
steel, so it should be capable of scratching 
all types of steel. Feldspar minerals, which 
have a lower hardness than quartz, will 
not, according to mineralogical theory, 
scratch the hard martensitic steels but 
should scratch steels softer than about 
so Rg. This probably accounts for the 
fact that, in a feldspar abrasive, the 
martensitic steels show outstanding su- 
periority, whereas, in grinding quartz, 
which is capable of scratching all steels, the 
superiority of the martensitic steels is not 
so great. 

A further confirmation of this scratch 
theory of wear is provided by the wear 
rates on balls grinding calcite, which is 
softer than all the steel balls we have 
studied, Theoretically, no wear should 
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occur on the balls when grinding calcite. 
Actually some wear did occur in our tests 
but the wear rate was only about one 
tenth of that in feldspar and only about 
one half that of the balls when they were 
run in water without any abrasive. The 
calcite, therefore, acted more as a lubricant 
than as an abrasive. 

Other factors which we have found to 
affect the spread in ‘wear resistance ob- 
tained between a good and a poor type of 
ball are the coarseness of the abrasive 
and the pulp density in wet grinding oper- 
ations. An increase in the coarseness of the 
abrasive has been found to increase this 
spread. A decrease in pulp density (more 
dilution by water) was found to increase 
this spread on a series of tests in the 3-ft 
diam. mill at Golden using Climax ore or 
washed river sand as abrasive. Whether 
this can be taken as a general rule for all 
mills or abrasives is not known. When the 
balls were tested in clear water the rate of 
wear on all balls dropped to about to pct 
of the rate of wear obtained when Climax 
ore was used as the abrasive. 


PRACTICAL ADAPTABILITY 
OF THE SHORT TIME WEAR TEST 


Our use of the short time wear test 
described in this paper has been both for 
the study of fundamental factors influenc- 
ing the wear of balls, and for an evaluation 
of the merits of the types of balls which 
are available in commercial quantities. 
Resistance to wear, spalling and breakage 
may be studied by this test. Where pos- 
sible, it is preferable to run these short time 
tests under normal service conditions in 
commercial ball mills. The test has been 
found very useful as a means for the 
selection and routine inspection of grinding 
balls. The method could also be applied 
with minor modifications to the selection 
and inspection of grinding rods for rod 
mills. 

In the development of alloys for use in 
parts other than grinding balls which are 


a 


subject to abrasive wear, this short time 
wear test may have possibilities provided 
the wearing forces on the part in question 
are similar to those on a grinding ball. 
In this connection we have studied alloy 
steels for ball mill liners by testing the 
desired composition and structure in the 
form of balls 5 in. in diam. Where com- 
parisons are available the relative wear 
resistance of a given composition and 
structure as established by this short time 
test on large balls has shown good agree- 
ment with actual service for the same 
composition and structure when tested as 
a liner in the same mill. ; 
A number of correlations between the 
results of our small scale tests on balls 
and large scale tests in commercial mills — 
are already available. The results from two 
commercial mills are given in Table 15. 


TABLE 15—Correlation between Relative 
Rates of Wear. Determined by Large 
and Small Scale Wear Tests in 
Two Commercial Mills 


¢ 
Relative Rates 
of Wear* 


Type of Ball ; 
Large | Small 
Scale | Scale 
Test Test @ 


(a) Primary Grinding of Crushed Molybdenum Ore 
at Climax, Colorado 


i 


Martensitic Forged Steel (Standard)|100 100 
Fine Pearlitic Forged Steel........ 107—124|108-120 
Sand Cast Cr-Mo White Iron...... 170-180/176 


joa EE ee ee eee 
(b) Primary Grinding of Porphyry Copper Ore at 
Phelps Dodge Corporation, Ajo, jae : 


Martensitic Forged Steel.......... 100 lroo . 
Chill Cast White Iron.......:.... eines ie! 


* Relative rates of wear on the large scale tests were 
calculated on the basis of the consumption of balls 
per ton of ore ground to a given fineness. For the 
small scale tests the relative rates of wear are calcu-_ 
lated on the basis of weight lost per unit of surface 
area of the individual test balls in the same mill, ‘ 


The agreement between the two types of 
testing is quite good. In the case of the test 
at Ajo, the correlation is better when we 
make allowances for the fact that the 
metal worn off each white iron ball during 


hdres 
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the test was somewhat more wear resistant 
(because of the finer grain size near the 
chilled surface) than the remainder of the 
metal in the ball. 


SUMMARY 


1. By running marked balls in a ball 
mill along with a group of standard balls of 
known quality, it is possible to determine 
the relative merits of any type of grinding 
ball within a short time. 

2. Barring segregation, grinding balls 
wear in direct proportion to their surface 
area and therefore decrease in diameter at a 
constant rate. 

3. A matrix of martensite or low tem- 
perature bainite, plus retained austenite, 
has shown the best wear resistance of all 
the types studied. 

4. Spheroidized carbides enhance the 
wear resistance of a martensitic matrix. 

s. The test results indicate that re- 
tained austenite is not an undesirable 
component of the matrix structure provid- 
ing it is unstable enough to transform to 
martensite when cold worked. 

6. The wear resistance of steel balls 
improves with increasing carbon content 
provided it is not rejected as a grain 
boundary carbide. 

7. The prior austenitic grain size of 
steel balls does not appear to influence wear 
resistance. Since balls which have a fine 
austenitic grain size are less prone to frac- 
ture or spall from impact, such grain size is 
advocated for steel grinding balls. 

8. Alloying elements affect the wear 
resistance of steel grinding balls indirectly 
through their ability to retard the rates of 
austenite decomposition at subcritical tem- 
peratures. The selection of alloying ele- 
ments should depend upon their ability to 
develop the desired matrix structure under 
the conditions of heat treatment selected 
by the manufacturer. 

9. The metalloids sulphur and phos- 
phorus are undesirable constituents in all 
types of steel balls because they increase 
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brittleness, impair the hot working prop- 
erties of the steels, increase the tendency 
of a steel to quench crack, and decrease 
wear resistance. 

10. The primary massive carbides which 
are formed during the solidification of 
pearlitic white cast iron are, in general, 
detrimental to wear resistance. They are 
more harmful in sand cast than in chill 
cast balls. 

11. The spread between the perform- 
ance of a structure of good wear resistance 
and one of poor wear resistance will vary 
greatly depending on the mineralogical 
characteristics of the ore or abrasive in the 
ball mill and also to some extent on such 
factors as abrasive size, pulp density and 
degree of impact. It is therefore desirable 
to run short time ball tests in the same 
mills where their use on a large scale is 
being contemplated. 

12. Good correlation is obtained between 
results of short time tests and the results of 
large scale tests run over long periods of 
time. 
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Wet Grinding of Ferrosilicon for Heavy Media 


By E. H. Crasrree,* MeMBeER, AND T. C. Kinc,t JUNIOR MemBer AIME 
(New York Meeting, February 1948) 


Tue ferrosilicon grinding unit at the Cen- 
tral Mill of the Eagle-Picher Mining & 
Smelting Co. near Picher, Okla., was com- 
pleted in March 1947. The object of the 
plant was to grind pigs of ferrosilicon, 
having a size of approximately 1}4 by 4 by 
12 in. and an analysis of 85 pct Fe and 
15 pct Si, to approximately too mesh by 
crushing and wet grinding in a ball-mill 
classifier circuit. The minus-100 mesh ferro- 
silicon had formerly been purchased, and 
was used as medium in the heavy media 
process for treatment of lead-zine ores. 
From the standpoint of dollars and cents, 
the cost of minus-100 mesh ferrosilicon was 
roughly $40.00 per ton more than pigs of 
the corresponding alloy delivered to the 
mill. Estimated wet grinding costs were 
considerably below this figure. The possible 
saving in cost of make-up medium for the 
cone plant was particularly attractive 
since, at that time, the plant losses aver- 
aged over four tons of minus-100 mesh 
ferrosilicon per day. 

Aside from the probable saving on the 
grinding charge, the need for such a unit 
was twofold. First, periodic fluctuations in 
the differential between the top and bottom 
densities of the cone were thought to be 
detrimental to metallurgy. There was little 
doubt that an intermediate differential 
existed at which the heavy media separa- 
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tion was most efficient, representing a com- 
promise between concentrate grade and 
tailing loss. Furthermore, if a finer, but 
considerably cleaner, medium could be 
obtained, there was the possibility that the 
differential could be decreased without 
increasing the viscosity, or conversely, the 
viscosity of the medium decreased without 
increasing the differential. Preliminary to 
experimental work aimed at pegging the 
cone differential and circulating medium 
viscosity at whatever values were found to 
be most efficient, it was essential to have con- 
trol over both the non-magnetic content of 
the medium and the particle size of the con- 
tained ferrosilicon. The latter was possible 
by means of a grinding unit at the mill. 

Second, whereas the ferrosilicon alloys 
are made by a number of manufacturers, 
only two, to our knowledge, grind it in any 
quantity for use in heavy media plants. For 
all practical purposes, the Central Mill was 
limited to one source of supply, a particu- 
larly vulnerable position. In case the supply 
was cut off, it was thought that pigs of the 
85 pet Fe, 15 pct Si alloy could be obtained 
elsewhere, providing means of grinding 
them was available. 

There was no published information 
available covering wet grinding of ferro- 
silicon. Dry grinding in batch mills and in 
continuous mills with air classification was 
being practiced, but the cost of grinding 
was excessive and the dust condition 
objectionable. 

It appeared that primary and secondary 
crushing was no particular problem, pro- 
viding heavy duty equipment was used; 
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closed circuit wet grinding in a ball mill 
also looked attractive if classification of the 
ball-mill discharge could be accomplished. 
The problem of classification was difficult 
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minus-100 mesh product. The grinding unit | 
was completed in March 1947, and experi- 
mental work was begun to solve the oo 
fication problem. 
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because of the high settling rate, the lack of 
supporting slime and the probability of 
residual or induced magnetism causing 
flocculation. To overcome these difficulties, 
provisions were made to add circulating 
medium for supporting slime, to provide 
hydraulic classification, and to demagnetize 
the crushed product, if any of these were 
found necessary. 

The plant was designed to include a 2-ft 
Symons standard cone, a 4 by 5-ft grate 
ball mill and a 24-in. Akins classifier. The 
estimated capacity was 1000 lb per hour of 


As was expected, the ferrosilicon was 
practically impossible to classify by density 
alone. An unstable condition appeared in 
the classifier pool, characterized by exces-_ 
sive surging. Partial success was attained at — 
high rake speeds by raising’ the spiral, 
lowering the weir and adding enough water | 
to the classifier to sluice out the fines. A _ 
nonuniform product, representing only 
about 10 pct of the minus-100 mesh ferro- 
silicon in the ball-mill discharge, was ob- 
tained, and it soon became apparent that 
either supporting slime would have to be 
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added or a hydraulic classifier constructed. 
The latter‘seemed preferable, providing no 
auxiliary elevating device were necessary. 

The vertical distance between the ball- 
mill discharge and the Akins classifier was 
20 in. This required the design of a short 
hydraulic classifier which would remove the 
fines from the ball-mill product and dis- 
charge the oversize into the Akins classifier. 
After two weeks of trial and error, a small 
vortex-type hydraulic classifier was con- 
structed which immediately gave excellent 
results, and the idea of introducing outside 
slimes was abandoned. The flowsheet of the 
plant, as now operated, is shown in Fig tr. 


DESCRIPTION OF INDIVIDUAL UNITS 
Primary Crushing 


The primary breaker is a 16 by 6-in. 
Blake-type jaw crusher with manganese 
steel jaw plates and is driven at 308 rpm by 
a 25 hp motor. The eccentric throw has 
been reduced to 14 in. with a closed setting 
of jaws averaging 34 in. Prior to crushing, 
the pile of pigs of ferrosilicon is wet down 
to eliminate dusting and to decrease the 
tendency of the pigs to jump out of the 
jaws. The crusher is fed by hand. The con- 
veyor between the jaw crusher and second- 
ary crusher is driven at a speed of 100 fpm 
by a 2-hp motor and has a slope of 45¢ in. 
per foot. 


Secondary Crushing 


The secondary crusher is a 2-ft specially 
built, standard Symons cone driven at 355 
rpm by a 25-hp motor which consumes 25 
to 30 hp under severe load. Bowls and 
mantles are of manganese steel. The crusher 


is easily stalled by an overload or by fine 


dirt contamination from mechanical load- 
ing of the stored pigs. The maximum safe 
feed rate is about 2 tons per hour. The 
crusher product is uniform and cubica! with 
damp feed, while a dry feed yields material 
which contains considerable slabs of about 
twice the desired maximum size. Moisture 
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content is controlled by a water spray 
mounted above the unit. Closed setting of 
the crusher averages 14 in. The conveyor 
from the Symons to the surge hopper is 
driven by a 2-hp motor at a belt speed of 
60 fpm and is set on a slope of 55¢ in. per 
foot. A slight belt slippage occurs with dry 
material but damp ferrosilicon gives no 
trouble. 


Secondary Storage 


The secondary storage bin has a capacity 
of 60 tons. Since the fine damp material 
will set up nearly to the hardness of con- 
crete if allowed to remain more than a few 
days, only a maximum of about t1o-tons 
storage is utilized as a surge ahead of the 
ball mill. This procedure also decreases 
difficulty caused by segregation of fines. 
Minus 4-in. ball-mill feed occupies about 
ro cu ft per short ton. 


Fine Grinding 


The ball mill is fed by a belt feeder but 
this might be improved by using a constant 
weight automatic feeder to smooth out 
feed irregularities. 

The ball mill is a 4 by 5-ft cylindrical, 
two-trunnion type mill equipped with 
grate-discharge having 3¢-in. width slots. 
It has manganese steel, step-type liners 
measuring 3 ft 8 in. id and a combination 
30-in. radius drum and scoop feeder. The 
ball mill is driven at 32 rpm, 80 pct of 
critical speed, by a 4o-hp slip-ring motor 
which, under this service, is slightly over- 
loaded. The ball load approximates 40 pct 
of the volume of the mill. For best results, 
the ball-mill discharge is carried at about 
8s pct solids. Above this figure, the mill 
tends to load up excessively and stop 
grinding; below it, the circulating load is 
excessive and the mill rattles badly. To 
compensate for ball wear, 8 lb of 2 and 
3-in. balls per ton of feed have been fed to 
the mill. Consumption has not been deter- 
mined because of the relatively short 
period of operation, but inspections of the 
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ball charge indicate that the above ball 
addition is approximately correct. 

A screen analysis of the circulating load 
shows considerable crowding between 65 
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Classification 


The hydraulic classifier was constructed © 
with the limitation of only 20 in. of head 
room, and has its hydraulic water intro-— 
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and too mesh, which may be the result of 
the dearth of smaller balls in the original 
ball charge. This condition appears to be 
slowly correcting itself with the addition of 
about 50 pct of 2-in. balls in the make-up 
charge, which apparently has had the effect 
of increasing capacity from the original 
1500 lb per hour to 1800 lb per hour of 
minus-100 mesh material. Capacity of the 
circuit when grinding to 80 mesh is in 
excess of 2300 lb per hour. Assorted nails, 
wires, nuts, bolts, and the like, introduced 
from unloading box cars, are removed by a 
44-in. punch plate tramp screen on the 
ball-mill discharge. 


duced tangentially below the spigot. Fig 2 
shows the construction of this unit. Most 
of the water discharges with the sands 
through the spigot, a 1-in. diam sharp edge 
constriction, and passes through a 114-in. 
hose into the 24-in. Akins classifier. The 
remaining water passes upward through © 
the sorting column and overflows. The 
overflow from the hydraulic classifier, 
ranging from 20 to 30 pct solids, passes 
down a 1}4-in. hose to the overflow box 
of the Akins. Should an occasion arise when 
the grain size becomes coarser than desired, 
the hose is turned back into the Akins pool 
until the circuit is again in adjustment. 
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Since the plant is started up daily, this is a 
useful feature. 

The Akins classifier is a 24-in. simplex 
high-weir type, driven at 6 rpm by a 5-hp 
motor. A slope of 53¢-in. per foot is required 
to gain sufficient head room to drop the 
sands back into the scoop box. The machine 


_ has performed satisfactorily at this angle, 


and the spiral has not had to be raised at 
any time for starting, even though the 
classifier is not drained when shutting 
down. The launder from the head of the 
Akins into the scoop box is set on a slope of 
Io-in. per foot to prevent sanding up. 
Particle size in the hydraulic classifier 
overflow is increased by either adding more 


3 hydraulic water or by increasing the circu- 
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lating load. The cut-off on the maximum 
particle size with the hydraulic classifier is 
unusually sharp considering the nature of 
the feed to it. Removal of the finished prod- 
uct from the ball-mill discharge is also 
efficiently accomplished. 


OPERATING RESULTS 


In Tables 1 and 2 are presented screen 
analyses of the grinding plant products, 
and also a comparison of the size of the 
purchased dry-ground ferrosilicon and the 
wet-ground material produced. 


TaBLE 1—Screen Analysis of Grinding 


Circuit Products 


Cumulative Per Cent Retained 


Tyler |Opening, Ball 
Mesh | Microns] Ball- aa Aki Hydraulic 
. mill Dis Sande Classifier 
Feed charge Overflow 
1g-in 12,700 0.3 
+ 4 4,700 | 31.5 0.2 0.5 ° 
+ 10 1,680 | 73.4 i yay 4.1 
+ 20 840 | 83.8 555 LOL 
eet 48 | Rope gee i Riser || Meo 
+100 149 | 94.2 68.8 | 93.3 12.7 
+ 200 74 | 90.1 80.8 | 99.0 43.6 
+270 53 | 96.9 | 85.9 | 99.5 64.3 
+ 400 37 | 97.2 | 90.0 | 99.6 78.5 
— 400 208 10.0 0.4 21.5 
a Ae eee 


The flexibility of the unit was demon- 


strated in recent months when it supplied 
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large quantities of coarse (5 pct plus-65 
mesh) make-up ferrosilicon to reduce the 
viscosity of a contaminated medium. 


TABLE 2—Comparison between Various Wet 


Grinds 

Tyler |Opening,| Dry Wet Wet Wet 
Mesh | Microns | Ground 80- Oe £505 

mesh mesh mesh 
+ 48 207 
+100 149 4.8 Long 2.8 0.2 
+200 74 38.0 30):04| 9 25.0)\e° 335 
+270 53 20.0 20.7 QO) 20.07 
+400 37 13.0 14.2 18.0 10.6 
— 400 CYAN} 21.5 DN2 35.0 


OPERATING DATA 


Power Consumption 


The total power consumption of the cir- 
cuit, including crushing, is nearly 100 hp, 
distributed about half and half between 
crushing and grinding. The crushing plant 
operating time is about three-fourths that 
of the grinding plant. Assuming a capacity 
of o.9 tons per hour through 100 mesh, the 
unit requires roughly 82.0 kw-hr per net 
ton of minus-100 mesh product produced. 


Labor 


The plant is operated only one 8-hr shift 
per day and one man takes care of the 
entire unit. 


Cost 


- At this early date, the wet grinding cost 
of ferrosilicon can only be estimated, but 
apparently will not exceed $5.00 per ton. 


SUMMARY 


The ferrosilicon grinding unit at the Cen- 
tral Mill has demonstrated the ability to 
supply a product of suitable size by wet 
grinding at an indicated cost of 33 pct less 
than the corresponding dry-ground ferro- 
silicon purchased in bags or barrels. The 
wet classification of ferrosilicon in closed 
circuit operation has been solved with a 
novel hydraulic classifier. The particle size 
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of its product can be controlled to suit the 
viscosity of the circulating medium in the 
heavy media plant, and its value from this 
standpoint is becoming more apparent 
daily. Preliminary data on operating condi- 
tions are presented. 
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